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ABSTRACT
This dissertation focuses on the relationship between codon composition and 
the molecular evolution o f protein-coding DNA sequences. Chapter 1 emphasizes the 
role of codon structure in determining patterns of nucleotide substitution, as well as 
the influence codon composition has on the evolution o f the structure and function o f 
the protein. The overall purpose of Chapter 1 is to establish the need to study 
molecular evolution at the codon level.
In Chapter 2, the codon-degeneracy model (CDM) o f molecular evolution is 
constructed. This model considers codon structure in terms of patterns o f nucleotide 
site degeneracy. It allows the prediction o f patterns of substitution by considering the 
codon compositions of protein-coding DNA sequences, and then compares these 
predictions to observations inferred from phylogenetic analysis using a goodness-of-fit 
score as an optimality criterion. Observed data derived from the accepted 
phylogenetic tree of five species of pocket gopher of the genus Orthogeomys are 
evaluated.
Chapter 3 presents a way by which the CDM can be used to choose between 
competing hypotheses of phylogenetic relationships. The CDM is also used to search 
for the optimum phylogenetic tree from among all possible topologies and 
configurations of phylogenetic relationship for five species of pocket gopher of the 
genus Orthogeomys. The CDM successfully found the accepted phylogenetic tree 
used in Chapter 2.
Chapter 4 concentrates on the theoretical aspects of using the effects of 
physicochemical properties to evaluate the influences o f purifying selection on 
patterns of nonsynonymous substitution. Paramount to the this model are the residuals 
between expected and observed relative frequency of substitution for several 
Grantham difference magnitude classes. The relative effect purifying selection has on
viii
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amino acid sequence evolution is quantified by calculating the sum o f the positive 
residuals. This model is used to evaluate the differential effects of purifying selection 
on the three functional domains of the pocket gopher cytochrome b gene. It was 
found, among other things, that the transmembrane domain evolves substantially more 
quickly because it is largely composed of hydrophobic amino acid residues that 
generally possess relatively low mean potential Grantham differences.
ix
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CHAPTER ONE 
INTRODUCTION
The recent proliferation of molecular techniques, such as the polymerase chain 
reaction (PCR) and automated DNA sequencing, has stimulated a movement in 
biology that is no less than a revolution. With the onslaught of DNA sequence data, it 
has become necessary to develop new methods of analysis that are powerful enough to 
process vast quantities of data efficiently. Computer software packages, such as 
PAUP (Phylogenetic Analysis Using Parsimony; Swofford 1998) and PHYLIP 
(Phylogenetic Inference Package; Felsenstein 1993), gave a new generation of 
evolutionary biologists the ability to access the powerful biological information 
contained in DNA sequences. From this information, phylogenetic trees can be 
generated from which mechanisms and patterns of molecular evolution can be 
inferred.
1.1 Neutral Theory and Purifying Selection
One great conceptual contribution to the study of molecular evolution is the 
formulation of the neutral theory of molecular evolution (Kimura 1968, 1983).
Neutral theory maintains that the substitution process is largely the product of random 
genetic drift of selectively neutral (or nearly neutral) mutant alleles. Neutral theory 
does not discount selection as an important factor of evolution; rather it asserts that 
selection allows changes that are not deleterious. Of these “selected” mutants, 
advantageous or adaptive alleles are very rare. The remaining mutants are neutral and 
do not affect an organism’s fitness. Selectionism, the evolutionary view opposing 
neutral theory, maintains that a significant proportion of evolutionary change is 
adaptive in nature (Gillespie 1991). There have been many studies supporting the 
validity of the neutral theory (e.g., Kimura 1977; Sarich 1977; Miyata and Yasunaga
1
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1981; Nei 1987; Ohta 1992), but significant levels o f selection also are apparent in 
many cases (Gillespie 1991). Many researchers have indicated that influences such as 
selection may bias phylogenetic estimates (Gillespie 1987; Moritz and Hillis 1996).
The majority of mutations arising in a population reduce the fitness o f the 
individuals that possess them (Li 1997). Selection will not favor these mutations, and 
they will subsequently be eliminated from the population if organismal fitness is 
greatly reduced. This type of selection, commonly termed negative or purifying 
selection, tends to favor silent or synonymous substitutions (those that do not change 
the resultant amino acid) over nonsynonymous substitutions (those that result in an 
amino acid replacement). However, the degree of purifying selection against 
substitution varies among the possible single-step replacements. For example, a 
mutation from leucine to isoleucine is much more likely to persist than a mutation 
from leucine to serine (Grantham 1974) because in terms of physicochemical 
properties, leucine and isoleucine are more similar than are leucine and serine. Thus, a 
molecular change from leucine to isoleucine is less likely to have a major effect on 
either protein structure or function than is a change from leucine to serine.
1.2 Types of Nucleotide Substitution
1.2.1 Transitions and Transversions
There are several types of nucleotide substitutions. As mentioned above, one 
way to categorize these substitutions is as “nonsynonymous” if the resultant amino 
acid changes, or as “synonymous” if it does not. Another way to categorize nucleotide 
substitutions is by type of base exchange, as either a transition or a transversion. A 
transition is a substitution of a purine for an alternate purine, or a pyrimidine for an 
alternate pyrimidine. Transversions are substitutions o f a  purine for a pyrimidine, or a 
pyrimidine for a purine. There are eight types of transversions and only four types of
2
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transitions. However, transitions tend to outnumber transversions in many protein- 
coding DNA sequences, due in part to the degeneracy of the genetic code.
A common measure o f transition bias is the global transition-to-transversion 
ratio (e.g., Kimura 1980; Hasegawa et al. 1984, 1985). However, this measure is 
sometimes calculated differentially for purines and pyrimidines (Tamura and Nei 
1993), by codon position (Hasegawa and Adachi 1996), or by type o f nucleotide site 
degeneracy (Xia et al. 1996). Transition bias is also calculated differentially as six 
novel rates based on a general reversible Markov model (Yang 1994; Adachi and 
Hasegawa 1996);
1.2.2 Degeneracy of Nucleotide Sites
There are three kinds of nucleotide site degeneracy in the vertebrate 
mitochondrial (mtDNA) genetic code. Nondegenerate sites are those at which 
changes always result in an amino acid replacement regardless o f the type of base 
exchange. Twofold degenerate sites are those at which transitions are synonymous 
and transversions are nonsynonymous and fourfold degenerate sites are those at which 
all possible changes are silent. These degeneracies are related to codon structure. 
Again in the vertebrate mtDNA code, the majority o f first position codon sites are 
nondegenerate, the exception being with the codons that encode leucine, which are 
twofold-degenerate at the first position. All second position codon sites are 
nondegenerate. About half of the third position sites are twofold-degenerate (28 of 
60), and about half are fourfold-degenerate (32 of 60). As mentioned above, 
transitions tend to outnumber transversions. This may be due to twofold-degenerate 
sites where all transitions are synonymous, and therefore not selected against, and all 
transversions are nonsynonymous, and therefore subject to varying amounts of 
purifying selection (Xia et al. 1996).
3
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Substitutions within a codon can potentially affect the degeneracy of not only the 
nucleotide site experiencing the substitution, but also the other two nucleotide sites as 
well. There are 180 potential substitutions in the mtDNA genetic code that can change 
the degeneracy of a nucleotide site (Appendix A). Only 12 of these substitutions are 
synonymous, and 16 can change the degeneracy o f two sites simultaneously. Another 
16 substitutions can change the degeneracy of the site experiencing the substitution, 
but most (91.11%) change the degeneracy of another site in the same codon. Thus, 
degeneracy is a fluid concept when viewed at the codon level and the degeneracy of a 
site usually changes only when a substitution has taken place at another position in the 
same codon. It is appropriate, therefore, to view molecular evolution at the codon 
level in the context of degeneracy at nucleotide sites.
1.3 Evolution of the Genetic Code and Codon Usage
The genetic code is arranged in such a way that codons differing by one 
nucleotide specify amino acids that are more similar than would be predicted if codons 
and amino acids had associated by chance alone (Haig and Hurst 1991). This attribute 
o f the genetic code might have evolved to minimize the effect of amino acid 
replacements resulting from single-step nucleotide substitutions (Sonnebom 1965; 
Epstein 1966; Goldberg and Wittes 1966; Alff-Steinberger 1969).
Crick (1968) proposed a model for the evolution o f the genetic code in which 
initial forms of the code specified fewer amino acids than the codes today. As the 
code evolved, new amino acids may have been incorporated into the code when a 
selective advantage was gained. Woese (1965, 1973; Woese et al. 1966) proposed that 
early versions of the code were quite imprecise in part because tRNAs were not 
specialized to certain codons and amino acids. Through time, genetic codes that were 
more precise offered a greater capacity for adaptation. Woese further hypothesized 
that stereochemical relationships existed between nucleotides and amino acids such
4
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that assignments within the code were largely predetermined. Under either scenario, 
as organisms eventually became increasingly complex, significant changes to the code 
would tend to be detrimental to survival (Haig and Hurst 1991).
Wong (1980) claimed, however, that physicochemical properties might have 
played a small roll in the evolution of the genetic code, concluding that the present 
form of the code is not a global, or even a local, optimum. Conversely, Di Giulio 
(1989; also Di Giulio et al. 1994) found that the physicochemical property known as 
“polar requirement” (a measure of polarity calculated as the slope of the line that 
results when log(l — Rf)/Rf for free amino acids is plotted against the log mole 
fraction of water in pyridine solvent) may have reached a global optimum in the 
current version o f the code with regard to single-step amino acid replacements. Polar 
requirement, therefore, may have been an important influence in defining the 
association between codons and amino acids. Haig and Hurst (1991) found further 
evidence for this optimality of association with respect to polar requirement and 
hydropathy (another measure of polarity based on water-vapor transfer free energies, 
and the interior-exterior distribution of amino acid side-chains). They generated 
10,000 random genetic codes and found only two codes more optimal for polar 
requirement and only 89 codes more optimal for hydropathy than the universal code. 
Other physicochemical properties, namely molecular volume and isoelectric point, 
appeared much less influential in the evolution of the genetic code, with 3,003 and 
9,281 (respectively) of the random codes surpassing the universal code in optimality. 
These types of studies further justify the analysis of protein-coding DNA sequences at 
the codon level.
5
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1.4 Codon-level Studies of Protein-coding DNA Sequences
1.4.1 Synonymous Codon Usage
The evolutionary predilection of some synonymous codons over others is an 
extensively studied field of research. Synonymous codon usage (SCU) patterns may 
be the result of mutation bias (Treffers et al. 1954; Foster et al. 1982). It may also be a 
product of natural selection favoring an increase in translational efficiency or the 
content o f isoacceptor tRNAs (Grosjean and Fiers 1982; Ikemura 1985; Sharp and Li 
1987; Bulmer 1991). Differential SCU biases have been found to be both species- 
specific (Grantham et al. 1980a, b; 1981) and gene-specific within a single species 
(Gouy and Gautier 1982; Sharp et al. 1988). The degree of SCU bias is correlated 
with level o f gene expression in unicellular organisms (Bennetzen and Hall 1982; 
Grosjean and Fiers 1982; Gouy and Gautier 1982; Ikemura 1985; Sharp and Li 1987; 
Bulmer 1991). Certain workers (Ikemura 1985; Aota and Ikemura 1986) have 
suggested that variation in G+C content at third codon positions (GC3s) is also 
influenced by both SCU and level of expression.
Bennetzen and Hall (1982) found that highly expressed genes were extremely 
biased with regard to SCU and tended to use only 22 ‘preferred’ codons. They also 
found that rarely expressed genes were relatively unbiased and tended to uniformly 
use all 61 sense codons. Bennetzen and Hall (1982) and others showed that these 
trends were a function of tRNA abundance (Ikemura 1980, 1981, 1985; Ikemura and 
Ozeki 1983; Grantham et al 1981; Gouy and Gautier 1982; Grosjean and Fiers 1982). 
Highly expressed genes accumulate synonymous codons with the most abundant 
tRNAs, whereas rarely expressed genes accumulate synonymous codons with less 
abundant tRNAs. This trend results in a significant departure in base composition 
from that expected under a model of mutational equilibrium. The situation is further 
complicated in multicellular organisms by the fact that levels of gene expression and
6
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tRNA abundance vary with tissue type and stage of development (Chevalier and Garel 
1979; Garel 1982; Shields et al. 1988).
1.4.2 Nucleotide Contents by Codon Position
In addition to trends in SCU, nucleotide frequencies tend to be positively 
correlated with codon position. For example, nucleotide composition at the third 
codon position has been shown to be correlated with nucleotide composition at the 
first and second positions (Berkhout and van Hemert 1994; Wang 1998). In addition, 
certain nucleotides are more likely to appear at certain positions. For example, 
guanine has been shown to be significantly more frequent than expected at the first 
position, but significantly less at the second position (e.g., Irwin et al. 1991; Pedersen 
et al. 1998; Wang 1998).
Dinucleotide frequencies also have been shown to exhibit biases that are 
correlated with codon structure (Coulondre and Miller 1978; Shpaer and Mullins 
1990; Pedersen et al. 1998). In particular, lentiviruses exhibit an extreme depression 
in CG dinucleotide content, thought to be linked to the tendency of cytosine to be 
methylated when placed in a CG dinucleotide (Coulondre and Miller 1978). This 
condition in lentiviruses is correlated negatively with the level of gene expression 
(Shpaer and Mullins 1990). These data support the hypothesis that purifying selection 
tends to eliminate the CG dinucleotide, rather than the alternative hypothesis that low 
levels of CG are the result of mutation bias (Pedersen et al. 1998).
1.4.3 Nonsynonymous Substitution Rates and Physicochemical Properties
Variation in rates of nonsynonymous substitution has been studied for over three
decades (e.g., Zuckerkandl and Pauling 1965; Sneath 1966). Many researchers have 
recognized the correlation between these rates and the physicochemical properties of 
amino acid residues (e.g., McLachlan 1972; Dayhoffl972; Grantham 1974; Taylor 
1986). Several quantitative measures of dissimilarity between amino acids have been
7
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derived (Sneath 1966; Grantham 1974: Miyata et al. 1979), and these measures have 
allowed detailed studies of the physicochemical results of the evolution of amino acid 
sequences (e.g., Xia 1998). Potential benefits of studying the relationship between 
rates of amino acid replacement and the physicochemical properties of amino acid 
residues are plentiful. These benefits include further insights pertaining to amino acid 
sequence alignment (Taylor 1986), transition-to-transversion ratios (Xia et al. 1996), 
and substitution rate heterogeneity (Xia 1998), all of which may be applied to studies 
of molecular evolution and molecular systematics.
1.4.4 Protein Structure, Function, and Evolution
Recognition that nonsynonymous nucleotide substitutions are correlated with 
codon structure and codon composition is correlated with the physicochemical 
properties of the amino acids has led to the detailed study of amino acid structure, 
function, and evolution of proteins. Of special interest with regard to this dissertation 
is the study of the structure and function o f the mitochondrial genes (e.g., Howell 
1989; Irwin et al. 1991; Degli Esposti et al. 1993; Graybeal 1993; Griffiths 1997, 
1998). For example, in their landmark work, Degli Esposti et al. (1993) amplified the 
work of Howell (1989) on the cytochrome b gene. They examined approximately 100 
complete metazoan cytochrome b sequences and found that many amino acid residues 
were either completely or mostly conserved among the metazoa. They assigned 
structural or functional roles to many of those based on mutagenesis studies and a 
detailed knowledge of the function of the domains and the physicochemical properties 
of the amino acid residues.
Most mitochondrial genes encode transmembrane proteins composed of either 
highly hydrophobic or hydrophilic functional domains associated with different rates 
of nonsynonymous substitution (Kyte and Doolittle 1982; Irwin et al. 1991; DeWalt et
8
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al. 1993; Griffiths 1997, 1998). In general, the transmembrane domain appears to 
evolve more quickly than either the matrix or intermembrane domains of the protein.
Rates o f amino acid replacement also are correlated with the physicochemical 
properties of the residues experiencing the replacement. Most variable hydrophobic 
and nonpolar residues are in the transmembrane domains (Irwin et al. 1991; Griffiths 
1997, 1998), and most of the variable polar residues are in the extramembrane 
domains (Griffiths 1998). These studies are groundbreaking in their application of 
detailed knowledge of the biology o f polypeptides and their constituent amino acid 
residues to the analysis of molecular evolution from a phylogenetic perspective.
1.4.5 Codon-based Models of Nucleotide Substitution
Several maximum-likelihood models of nucleotide substitution based on codon 
structure have been derived recently (Goldman and Yang 1994; Muse and Gant 1994; 
Yang 1996b; Pedersen et al. 1998). Muse and Gant (1994) constructed a codon-based 
model that accounts for single- and multiple-step nonsynonymous substitutions. 
Goldman and Yang (1994) presented a more generalized model that accounts for 
transitions, transversions, and multiple-step substitutions. Yang (1996b) implemented 
the Goldman and Yang (1994) model by combining it with the likelihood-based 
method for reconstruction of ancestral nucleotide and amino acid sequences presented 
by Yang et al. (1995). The major problem with most codon-based methods is that they 
are slower computationally than are nucleotide-based methods (Pedersen et al. 1998). 
Efforts to counter this dilemma include constructing simpler models specific to the 
biology of certain organisms, such as the study o f lentiviral evolution by Pedersen et 
al. (1998).
9
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1.5 Chapter Overviews
1.5.1 Overview of Chapter Two: The Codon-degeneracy Model
In Chapter 2, the codon-degeneracy model (CDM) of molecular evolution is 
presented. This model describes the relationship between nucleotide site 
degeneracies, types of base exchanges, codon structure and composition, and patterns 
of nucleotide substitution, and can be used to predict the patterns of substitution 
directly from codon composition. It is evaluated by comparing of the results of CDM 
analysis of pocket gopher cytochrome b (cyt-b) and cytochrome oxidase subunit 1 
(COI) genes with the inferred patterns of substitution from a well-corroborated 
phylogenetic tree.
1.5.2 Overview of Chapter Three: Tree Building Using the CDM
Chapter 3 applies the CDM to the problem of selecting from among competing
phylogenetic hypotheses. A corollary of the CDM is that, given a tree topology and a 
set of protein-coding DNA sequences, there is a globally optimal set of relative 
synonymous substitution frequencies. Given the sequences and the topology, the only 
variable is the proportion o f transitions at fourfold-degenerate sites. The optimal value 
of this proportion can be calculated by taking the derivative of the goodness-of-fit 
equation. The resulting equation (Chapter 3, equation [18]) predicts that this measure 
of transition bias is based largely on codon composition. The optimum value of 
transition bias can be calculated for each alternative phylogenetic tree. These values 
can be used to directly compare alternative phylogenetic trees.
This technique is applied to the same pocket gopher sequences used in Chapter 
2. If this technique is valid, it will allow the selection of the well-corroborated tree 
topology presented in Chapter 2. In addition, two other phylogenetic trees for these 
pocket gophers have been considered at times over the course of studying these 
organisms. The results of this analysis were compared to the results of parsimony and
10
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maximum-likelihood. This comparison showed that more information about the 
evolution of the sequences is obtained when using the CDM and maximum-likelihood 
together.
1.53 Overview of Chapter Four: Relative Measures of Purifying Selection
Chapter 4 presents a null model of protein evolution at the codon level that 
emphasizes the physicochemical results of molecular evolution. After reviewing the 
evolutionary biology of the metazoan mitochondrial gene cyt-6, a method by which 
physicochemical properties can be used to describe the evolution of protein-coding 
DNA sequences is presented. The model was applied to the cyt-b sequences from five 
genera of pocket gophers: Thomomys, Geomys, Orthogeomys, Pappogeomys, and 
Cratogeomys. A null model of amino acid replacement is presented that is based on 
neutral theory that allows the calculation of expected relative frequencies of 
substitution by magnitude of Grantham (1974) difference. The same analysis was 
performed for the three functional domains o f the protein and topics such as the 
differential effects of purifying selection, selective neutrality, and hypervariability on 
these functional domains in pocket gophers were discussed. Mechanisms by which 
the inherent properties of amino acid residues, such as the mean potential for change 
as measured by Grantham differences, can influence protein evolution by limiting the 
number of possible changes at a particular site also is discussed. As purifying 
selection increases at a particular site, the number of possible substitutions is reduced, 
causing a decrease in the probability of nonsynonymous substitution.
This dissertation attempts to create null models of molecular evolution that can 
be used to evaluate statistically the patterns o f substitution inferred from phylogenetic 
trees. At present, models of nucleotide substitution used with maximum-likelihood 
phylogenetic algorithms can be evaluated using the likelihood ratio test (Swofford et 
al. 1996; Huelsenbeck and Crandall 1997; Huelsenbeck and Rannala 1997). In
11
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addition, a statistical method may be used to compare two phylogenetic trees produced 
with the same maximum-likelihood model (Kishino and Hasegawa 1989). There is no 
method to evaluate whether patterns of substitution inferred from a phylogenetic 
hypothesis are biologically valid, or to compare alternative phylogenetic hypotheses 
statistically in terms of this evaluation. The main purpose of this dissertation is to 
accomplish this goal.
12
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CHAPTER TWO
THE CODON-DEGENERACY M ODEL OF 
M OLECULAR EVOLUTION  
2.1 Introduction
If the evolution of a protein-coding DNA sequence were completely neutral, the 
relative proportion of different kinds of substitutions could be predicted based on the 
codon composition of the sequence. Because of the organization of the genetic code, 
substitutions in protein-coding genes should be distributed according to codon 
structure, with the majority of substitutions occurring at the third codon position. 
Further, this distribution may be greatly influenced by the specific degeneracy of the 
site (Li et al. 1985), with more substitutions occurring at fourfold- and twofold- 
degenerate sites than at nondegenerate sites. There may also be a substantial 
association between transitions and transversions depending on the relative 
proportions of fourfold-, twofold-, and nondegenerate sites in the DNA sequence. This 
chapter introduces a model of synonymous nucleotide substitution based on these and 
other assumptions from neutral theory.
2.1.1 Theoretical Background
According to neutral theory, purifying selection will not significantly influence 
substitutions at fourfold-degenerate sites. Therefore, transitions, s4, and transversions, 
v4, at these sites will have similar fixation probabilities, P ~ PVi (notation follows Xia 
et al. 1996). Transitions at twofold-degenerate sites, s2, will have fixation probabilities 
similar to mutations at fourfold-degenerate sites, P^ ~ P^ ~ PVi.
The transition bias at twofold-degenerate sites is largely the result of selection 
against nonsynonymous transversions (Li et al. 1984). Transition bias at fourfold- 
degenerate sites, however, may primarily be the result of transitions having an intrinsic
13
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mutation rate that is different than that o f transversions (Xia et al. 1996), which rates 
may be influenced by many interrelated factors. Synonymous transition bias for an 
entire protein-coding DNA sequence will thus be, at least in part, a function of the 
relative proportions of twofold- and fourfold-degenerate sites in the sequence.
Synonymous substitutions accumulate in a nearly neutral manner over 
evolutionary time. Nonsynonymous substitutions, however, are subject to 
evolutionary constraints governing the replacement of amino acids. If  the fixation 
probabilities for all nonsynonymous substitutions, and therefore the intensity of 
purifying selection, were nearly equal, then Pv, ~ PSq ~ P (for transversions at 
twofold-degenerate sites, v2, and transitions, s0, and transversions, v0, at nondegenerate 
sites). We could then predict that the overall transition bias for nonsynonymous 
substitutions would be a function of the relative proportions of twofold- and 
nondegenerate sites in the DNA sequence. Although Pls = PSq = PVa may be an 
unrealistic assumption for nonsynonymous substitutions, it is generally accepted as a 
null hypothesis in studies of rates of synonymous and nonsynonymous substitution 
(e.g., Li et al. 1985; Nei and Gojobori 1986; Li 1993).
If the transition biases for both synonymous and nonsynonymous substitutions 
are a function of the proportions of fourfold-, twofold-, and nondegenerate sites, then 
it follows that these biases may also be defined by the patterns of degeneracy along a 
DNA sequence when examined at the codon level. This conclusion is supported by 
the findings of Li (1987), in which he linked the substitution process with codon 
composition.
There are four discrete patterns of degeneracy in the vertebrate mitochondrial 
genetic code, and each codon can be classified into one of these four patterns (Table 
2.1). All class 1 codons have nondegenerate sites at the first and second positions and 
fourfold-degenerate sites at third positions. Class 2 codons have nondegenerate sites
14
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Table 2.1. The mitochondrial DNA genetic code o f mammals. Codon classes are 
defined in the text.
Amino Acid Codon
Codon
Class Amino Acid Codon
Codon
Class
Phe TTT 2 Tyr TAT 2
TTC 2 TAC 2
Leu TTA 3 Termination TAA —
TTG 3 TAG —
CTT 1 His CAT 2
CTC 1 CAC 2
CTA 4 Gin CAA 2
CTG 4 CAG 2
lie ATT 2 Asn AAT 2
ATC 2 AAC 2
Met ATA 2 Lys AAA 2
ATG 2 AAG 2
Val GTT 1 Asp GAT 2
GTC 1 GAC 2
GTA 1 Glu GAA 2
GTG 1 GAG 2
Ser TCT 1 Cys TGT 2
TCC I TGC 2
TCA 1 Trp TGA 2
TCG 1 TGG 2
Pro CCT 1 Arg CGT 1
CCC 1 CGC 1
CCA 1 CGA 1
CCG 1 CGG 1
Thr ACT 1 Ser AGT 2
ACC 1 AGC 2
ACA I Termination AGA —
ACG I AGG —
Ala GCT 1 Gly GGT 1
GCC 1 GGC 1
GCA 1 GGA 1
GCG I GGG 1
15
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at the first and second positions, with third positions being twofold-degenerate. Class 
3 codons, consisting of two leucine codons (TTR; where R = A or G), have twofold- 
degenerate sites at the first and third positions and nondegenerate sites at second 
positions. Finally, class 4 codons, also consisting of two leucine codons (CTR), have 
twofold-degenerate sites at first positions, nondegenerate sites at second positions, and 
fourfold-degenerate sites at third positions.
2.1.2 The Codon-degeneracy Model
If we assume that all codons of a particular class have the same potential for 
nucleotide substitution ('evolutionary potential'), then we should be able to predict the 
overall evolutionary potential of any protein-coding DNA sequence. The relative 
frequency of any synonymous substitution at a particular codon position can be 
calculated by
T/yiCn )
where Fy is the expected frequency of synonymous substitutions at codon position /
(/ = 1, 2, or 3) for base exchange j  (j = s or v; s = transition and v = transversion), z-tj is 
the base exchange coefficient for base exchange j  at codon position i of degeneracy d  (d  
= 0, 2, or 4 depending on whether the site is nondegenerate, twofold-degenerate or 
fourfold-degenerate, respectively) for codon class n (n = 1, 2, 3, or 4), and c„ is the 
number o f codons in the sequence belonging to class n. N  is the number o f potentially 
synonymous sites in the sequence as defined by the equation
N  = ct + c2 + 2c 3 + 2c, (2)
and is similar to the weighting term used by Li (1993), wherein he summed the number 
of twofold- and fourfold-degenerate sites and placed the resulting term in the 
denominator of his formula used to estimate the average frequency o f transitions at 
twofold- and fourfold-degenerate sites. Here this term is redefined in terms of codon
16
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composition based on patterns of codon degeneracy. The term t ijjn is directly 
proportional to the product of a given degeneracy, tj (Li et al. 1984), and the relative 
probability, p ijn, that a substitution type (j) will occur at a certain codon position (/) in 
a given codon class («), and is defined by the equation
7 '»  ~  P  ijn1jj
The relative frequencies of t- are estimated by taking the maximum-likelihood 
estimates of the transition and transversion rates at fourfold-degenerate sites, I s j  and 
Zv./, defined by Xia et al. (1996; equation [8] in their paper) and converting it into 
relative frequencies of transitions and transversions by the following equations
(4)Z i s* + 2 / v*
=  v  " . v  (5)
Because the only possible synonymous substitutions at twofold-degenerate sites are
transitions, rc = 1 for transitions and t = 0 for transversions at these sites.2 '2
Furthermore, because there are no synonymous substitutions possible at 
nondegenerate sites, tJo = 0 fo r/ = s or v. The values ofp,jn are calculated by
(S)
<Pn
where (pin is the number of potential types of synonymous substitution at codon 
position i for codon class n, (pn is the number of potential types of synonymous 
substitution across codon positions for codon class n, and N„ is the number of 
potentially synonymous sites in a single codon of codon class n. The values for p,Jn 
and t, are summarized in Table 2.2. Notice that the values listed for i r 7 in
U  i j  ' J j
17
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Table 2.2. Base-exchange coefficients for synonymous substitutions (t) in terms of 
their components pyn and tj . The base-exchange coefficient represents the relative
fixation probability of a particular type of substitution under the CDM. Terms are 







Pijn 0, Pijn *u Pijn Y t - *>id
‘j
1 s 0 0 0 0 1
V 0 0 0 0 1 1
2 s 0 0 0 0 1 1
V 0 0 0 0 0 0 1
3 s 1 1 0 0 1 1
V 0 0 0 0 0 0 2
4 s 2/3 1 0 0 4/3
V 0 0 0 0 4/3 2
* = the number of potentially synonymous sites per codon class
ij
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Table 2.2 correspond to the coefficients in equation (2) and define the number of 
potentially synonymous sites per codon class.
Expected relative frequencies of nonsynonymous substitutions can be calculated 
by an equation similar to equation (1)
^  x'- cAj  <Un n
F ' = —---------- (7)
" N '
where F'tJ is the expected relative frequency of nonsynonymous substitutions at i for 
baseexchange j ,  x'jjn is the nonsynonymous base exchange coefficient at / for base 
exchange j  and degeneracy d, and N ‘ is the number of potentially nonsynonymous sites 
in the sequence as defined by the equation
N ' = 2cj + 3c, + 3 c 3 + 2 c 4 (8)
The x~ values for nonsynonymous substitutions are defined by
r '  =  p ' t '  (9)t J d n  r i j n  j j  v J
Because the only possible nonsynonymous substitutions at twofold-degenerate sites
are transversions, t ' = 0 for transitions and t ' = 1 for transversions at these sites.$2 *2
Likewise, nonsynonymous substitutions are not possible at fourfold-degenerate sites, 
so t'h =0 for j  = s or v. The relative frequency of r'o is estimated by
r ; = = - ^ r -  (10)
Vq
C0 =  v  (11)
where Ls0 and Zv0 are the maximum-likelihood estimates of transition and trans version 
rates at nondegenerate sites. The value of p'jn is calculated by
P' . a m  d2)
<f>n
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where <p'n is the number o f potential nonsynonymous substitution types at codon 
position i for codon class n, <p'n is the number of potential nonsynonymous
of potentially nonsynonymous sites for codon class n. The values for p']n and t'  ̂ are
equation (8) and define the number of potentially nonsynonymous sites for each class 
of codon.
Using equations (1, 2, 7, 8), the expected frequencies of substitution per codon 
class can be calculated. These are summarized in Table 2.4. Notice that both 
synonymous and nonsynonymous substitutions per class sum to 1.0 making them 
relative within each respective substitution classification.
By combining the information contained in Tables 2.2 and 2.3 with equations (1, 
2, 7, 8), it is possible to construct equations for expected relative frequency of each 
substitution type across a given DNA sequence with any proportion of the four codon 
classes. For example, the expected relative frequency of first position synonymous 
transitions is calculated by
The expected relative frequency of first position synonymous transversions, as 
well as second position synonymous transitions and transversions, is F lv=F2s—F2V- 0  
because the degeneracies at these sites preclude synonymous substitutions of these 
types.
The expected relative frequency of third position synonymous substitutions is
substitution types for codon class n across all codon positions, and N ' is the number
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Table 2.3. Base-exchange coefficients for nonsynonymous substitutions ( r ‘) in terms 







Pijn ' I Pijn Pijn 'L 2 X *
ij
1 s 1 1 0 0
V 1 1 0 0 2
2 s 6/5 6/5 0 0
V 6/5 <0 6/5 3/5 1 3
3 s 0 0 3/2 0 0
V 3/4 1 3/2 3/4 1 3
4 s 0 0 4/3 0 0
V 2/3 1 4/3 0 0 2
* = the number of potentially nonsynonymous sites per codon class.
ij
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Table 2.4. Substitution profiles o f  individual codons for each codon class.
Codon Class 1st Position 2nd Position 3rd Position
1 F ls = 0
F \s= t'So/2








F 3j =  tSi 
Fiv =  tVi
F 3v = 0
2 F ls = 0
F ’., = 2 r;/5  
F \ v = 2 t'a/5
F'is = 2t;o/5 
F ’2V = 2t:Q/5
F3s= 1 
F3y =  0
F ’3v= 1/5
j F\s = 1/2
F ’u = 0 














f 3v = o
F ’3v = 1/4
4 Fu = 1/3
F ’ij = 0
F ’iv = 1/3
F ’2s = 2 t'J3  
F ’lv = 2t[.J3
F3s = 2 t J 3  
Fiv = 2 t J 3
F ’3v = 0
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for transitions, and
r  c. + t* v c4
Fsy=  "aP  (15 )
for transversions.
The expected relative frequency of first position nonsynonymous substitutions
is
t '  C[ +U'S cn
F ' = ° 5 p—  (16)is N '
for transitions, and
t' C, + U ' + yC,
7 /    v0 I 5  vQ L 4 ■> 3  4
N '
t /   *  4 - J  *** f  1
Ml'" XT/ \Lt)
for transversions.
The expected relative frequency of second position nonsynonymous 
substitutions is
6 . /  ^ , 3 . /  ^  , 4  /
for transitions, and
„  (̂ . + T C c: + Tf; c3 + T ^
f 3 . - ---------------- JP----------------  <18>
r - /  _  f ' - 0 c i +  5 r ‘-oc 2  +  2 f v-oC 3 +  3 ^ 0 C4 ✓ , r i \
= -----------------JP (19)
for transversions.
The expected relative frequency of third position nonsynonymous transitions 
will be F 'S3 = 0 because all transitions at these sites will be synonymous. Finally, the 
expected relative frequency of third position nonsynonymous transversions will be
- c  + -c
F: = — — —  (20)
}v M'
Collectively, equations (13-20) constitute what can be called the 'substitution 
profile' o f a protein-coding DNA sequence. The profile predicts the relative frequency
23
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of all substitution types using the assumptions of neutral theory, and it will be specific 
to a particular protein-coding sequence. The profile can be calculated for sequences of 
any genetic code that do not include threefold degenerate sites, and it can be applied 
loosely to codes that include threefold degenerate sites by treating them as twofold- 
degenerate sites (Li 1993).
2.1.3 Assumptions Implicitto the Model
The substitution profile for a particular DNA sequence is a null model (termed 
the 'codon-degeneracy model' or CDM) that helps describe the molecular evolution of 
protein-coding DNA sequences resulting from the phylogenetic process. Although one 
or more of the assumptions of the CDM may not be met by any particular DNA 
sequence, it is still instructive to analyze substitution profiles o f real sequences to 
obtain a relative measure of departure between inferred substitution patterns and the 
predictions of the model. In addition, the way in which a data set diverges from 
predictions of the model may indicate which forces are involved in causing the 
divergence. However, if there is little divergence from the predictions of the CDM, it 
can be concluded that the sequences have evolved more-or-less in accordance with the 
assumptions of the model. In this respect, the CDM plays a role ILke the Hardy- 
Weinberg model (Hardy 1908; Weinberg 1908), used in the field o f population 
genetics. Even though the many assumptions of the Hardy-Weinberg model are unmet 
in most natural populations, most genetic loci in those populations behave in 
accordance with predictions of the model. The way in which allelic data diverge from 
the Hardy-Weinberg model may suggest the natural forces involved (e. g., selection for 
or against a particular genotype).
The following assumptions apply to the CDM:
1. The fixation of nucleotide substitutions is a purely stochastic process (Kimura 
1983).
24
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2. Synonymous and nonsynonymous substitutions become fixed at constant, yet 
different rates, both of which are related to codon composition (Goldman and Yang
1994).
3. Patterns of nucleotide degeneracy at the codon level, coupled with the relative 
intensity of purifying selection (Li et al. 1985), govern the rates molecular 
evolution of protein-coding genes.
4. The fixation probabilities of all synonymous substitution types are equal 
(/>4 */>4 = P J(X iae ta l.l9 9 6 ).
5. The fixation probabilities of all nonsynonymous substitution types are equal 
(P,; =P,o =P,o)(X iaetal. 1996).
6. Every codon belonging to the same codon class will have the same ‘evolutionary 
potential,’ and thus will accumulate substitution types with the same relative 
frequency.
Like the Hardy-Weinberg model, the assumptions of the CDM may be only 
partly true. These assumptions, therefore, allow the CDM to be used as a null model 
to measure the relative degree of divergence of substitution frequencies from those 
predicted by the model. By examining exactly how data may thus diverge, information 
concerning the evolutionary forces, such as selection, or phenomena, such as multiple 
substitutions at single sites (‘multiple hits'), can be inferred.
The CDM predicts relative substitution frequencies without consideration of 
multiple hits. Therefore, when comparing a data set composed of protein-coding DNA 
sequences from widely diverged taxa, it is expected that these data will exhibit poor 
goodness-of-fit to the model with regard to synonymous substitutions.
2.1.4 Using the CDM in Studies o f M olecular Evolution 
One way to examine patterns of nucleotide substitution is to use a phylogeny to 
reconstruct the history of nucleotide changes in a lineage of organisms (Fitch 1970).
25
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
This process requires examination of multiple taxa and identification of 
phylogenetically informative sites, data that are quite different from those used in the 
CDM, which is codon based. To use the CDM in a phylogenetic analysis, the DNA 
sequences for all taxa being analyzed must be divided into codons, then pooled across 
taxa by codon class. The numbers of codons per class are then used, in conjunction 
with an estimate of transition bias at fourfold- and nondegenerate sites (Li 1993; Xia et 
al. 1996), to calculate the expected substitution profile for the entire clade. This 
profile is calculated independent of the hypothesized phylogeny of the clade (i.e., the 
codons for all taxa are pooled without regard to phylogenetic relationships). Thus the 
substitution profile, is to a great extent an emergent property of the pooled DNA 
sequences.
The CDM constitutes an a priori method by which phylogenetic hypotheses can 
be compared to the predictions of neutral theory. To determine the degree of fit 
between the model and observed data, we can compare its predictions to the 
frequencies o f substitution inferred from a phylogeny in which we have considerable 
confidence. The goodness-of-fit between the expectations based on the model and the 
substitution pattern inferred from any given phylogenetic tree can be calculated that 
will yield a general measure of how closely expected and observed substitution 
frequencies correspond. The CDM can thus be applied to any protein-coding DNA 
sequences used in parsimony or maximum-likelihood analyses, yet exploit different 
aspects o f the data. Importantly, the model is applied prior to (and independent of) 
the phylogenetic analysis, establishment, a null hypothesis that can be compared with 
the results o f the subsequent phylogenetic analysis. This comparison between the 
expected substitution profile and the frequencies of substitution inferred using a 
phylogenetic model ('observed' substitution frequencies) may reveal the degree to 
which the model fits the substitution patterns of real data. These observed
26
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substitutions are inferred by first using the principle of parsimony to reconstruct the 
hypothesized ancestral sequences (Fitch 1970) at every node of a tree (S wofford 
1993). Next, the ancestral sequences are used to infer substitution patterns along the 
branches of the tree. The entire observed pattern of substitution for the given tree is 
compared statistically with the expected substitution profile (generated from the 
CDM) using a modification of the goodness-of-fit test to produce a relative goodness- 
of-flt score as an optimality criterion in which
X 1 =  (21)
EH
where Ey is the product o f Fy (or F',j) and the total number of synonymous (or 
nonsynonymous) substitutions, and Oy is the 'observed' number of substitutions 
(based on the reconstruction of ancestral sequences) of base exchange j  at codon 
position i. Using the %2 distribution as anything but an optimality criterion, however, 
would not be appropriate because the purpose of the CDM is not to determine 
whether protein-coding DNAs are behaving as expected, but to obtain a relative 
measure of departure from the expectations of the model.
In order to eliminate, or at least reduce, the effects of substitutional saturation, it 
is very important that the organisms used in a study that utilizes the CDM be closely 
related evolutionarily. The five species of pocket gophers in the genus Orthogeomys 
meet these requirements. In the following sections of this paper I will test the fit 
between the CDM and pocket gopher data by comparing the model’s predictions to 
the observed substitution frequencies based on the phylogeny of these species of 
Orthogeomys (Fig. 2.1; Hafner 1991; Hafner et al. 1994; Page 1996).
27
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(9 6 )
(71 )
- — O. heterodus
O. cherriei
— — O. underwoodi
^  O. cavator
O. hispidus
Figure 2.1. Phylogenetic tree for five species of pocket gophers of the 
genus Orthogeomys. Letters refer to branches listed in Table 2.5. 
Numbers in italics refer to percent bootstrap support (1000 replicates).
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2.2 MaterialsandMethods
2.2.1 Phylogenetic Analysis
The phylogenetic relationships o f the five species of Orthogeomys represented in 
Fig. 2.1 were first presented by Hafner (1991) as the result o f a parsimony analysis 
(Swofford 1985) of allozyme data. These relationships were later supported by Fitch- 
Margoliash (Fitch and Margoliash 1967) and neighbor-joining (Saitou and Nei 1987) 
analyses of 379 base pairs (bp) from the pocket gopher cytochrome oxidase subunit 1 
(COI) gene (Hafner et al. 1994). This tree is identical to the phylogenetic tree of the 
chewing lice that use these pocket gophers as permanent hosts and have been shown to 
cospeciate with them (Hafner et al. 1994; Page 1996). Page (1996) reanalyzed the 
pocket gopher COI data using maximum-likelihood analysis of third codon positions 
and also recovered the tree shown in Fig. 2.1. Other, slightly different phylogenetic 
relationships for these pocket gophers have been presented (Hafner and Nadler ,1990; 
Sudman and Hafner 1992; Hafner et al. 1994), but these trees have not been supported 
in subsequent analyses.
To further test this tree topology, I used the maximum-likelihood method to 
analyze the combined COI (379 bp) and cytochrome b (cyt-b; 402 bp) data from the 
pocket gopher species Orthogeomys cavator, O. cherriei, O. heterodus, O. hispidus,
O. underwoodi, and Zygogeomys trichopus (GenBank accession numbers L32686, 
L32687, L32691, L32692, L32695, and L32696 for COI and L38465, L38466,
L38470, L38471, L38473, and L38477 for cyt-b; Sudman and Hafner 1992; Hafner et 
al. 1994; Xia et al. 1996). This was accomplished by using the DNAml procedure in 
PHYLIP 3.5c (Phylogeny Inference Package; Felsenstein 1993). This computer 
software allows for unequal expected nucleotide frequencies and unequal proportions 
o f transitions and transversions. I used the empirically determined frequencies of the 
four nucleotides and a Kimura (1980) two-parameter model with an empirical estimate
29
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of transition-transversion ratio (Hafner et al. 1994; Wayne et al. 1997). The tree with 
the best log-likelihood score (Fig. 2.1) was then run through a bootstrap analysis 
(1,000 replicates) using PAUP (Phylogenetic Analysis Using Parsimony; Swofford 
1993). Bootstrap support percentages were calculated for both internal branches of 
the tree (Fig. 2.1).
Ancestral character states in this tree were reconstructed using the ACCTRANS 
character optimization procedure in PAUP (Swofford 1993). Other methods of 
character optimization (DELTRANS and MINF), however, yielded the same observed 
relative frequencies of substitution. Number and type of substitution were estimated 
by comparing the sequence at each branch terminus with its immediate ancestral 
sequence (Li 1993). Substitution data from the root branch (leading to Zygogeomys 
trichopus) were not included in the analysis to reduce the likelihood that multiple 
substitutions at a single site on this branch would produce spurious results.
2.2.2 Transition Bias
The total number of transitions (s) and transversions (v) per fourfold- and 
nondegenerate sites of the combined Orthogeomys COI and cyt-b data sets are 
estimated by
X ' ^ S M COl)^M CO t) ~ ^ ^ i i S M cxi-b )^4 U y i-b )S Mtoi) ~  r r  ^
4 (C O f)  4 {cy t -b )
V 1 . .  _  ^  V4(CO/)Lj'icOl) ^  V4 (q i-6 ) ^ 4 ( q f - f i)
2-iV4«ot) ~ j j
L 'M CO I)  "*■ ^4 (c > 7 -6 )
v  _ _ ^ i , S0<.COI)L(HCOl) ~i~’̂ ds 0{cyt-b)^0lcyr-b) /0/1N
2 j S0Uot) ~ j T
^ O (C O I)  ■*" Q(cyr-b)
V 1 z L  VO(CO/)A)(C0O +  2-1 V0(cvr-6) A)(cvr-fc) e \
2 ,  v0«or) = ------------}------- 7 7 ---- s-------- s----  (25)
M)(CO/) O(cvr-i)
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The terms Zy4, Zv4, Zy0, and Zv0 describe the total number of transitions and 
transversions per fourfold- and nondegenerate site for COI and cyt-6. The terms Z4 
and Lq are the number of fourfold- and nondegenerate sites, respectively (Li et al.
1985), in COI and cyt-6 from the pooled DNA sequences of the five Orthogeomys 
species in this study. The CDM as presented here cannot be used directly to estimate 
transition bias. Estimates of Zs4, Zv4, Isq, and Zvo from an Orthogeomys tree, such as 
the one illustrated in Fig. 2.1, would be dependent on topology and thus prejudiced. 
Therefore, the maximum-likelihood estimates o f pocket gopher transition biases 
calculated by Xia et al. (1996) are preferable. This method involves estimating the 
number of transitions and transversions per site on each branch of a tree, then summing 
the estimates for all the branches, and dividing the transition sum by the transversion 
sum. Xia et al. (1996) calculated these estimates of transition bias for each type of 
degeneracy in two mitochondrial genes for 14 species of pocket gopher, including six 
genera. The relative proportions of transitions and transversions at fourfold- and 
nondegenerate sites ( tSi, tVt, t ' , t 'o) are calculated as previously discussed (see 
equations [4, 5, 10, 11]). The values resulting from this method are tSt = 0.5546, fv-4 = 
0.4454, t'o = 0.5969, and t' = 0.4031. These estimates are seen as preferable to 
empirical estimates based on the tree in Fig. 2.1 because they are largely independent 
of the data under consideration in this study.
2.3 Results and Discussion
The goodness-of-fit scores between the predictions of the CDM and the 
observed frequencies of substitution based on the pocket gopher phylogeny (Fig. 2.1) 
are summarized in Table 2.5. The synonymous goodness-of-fit score (x2 = 0.4286) 
indicates that the frequencies of the three types o f synonymous substitution inferred 
from the tree in Fig. 2.1 are very similar to the frequencies predicted by the CDM.
The nonsynonymous goodness-of-fit score (%2 = 2.3088), however, indicates that the
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Table 2.5. Analysis of pocket gopher data using the codon-degeneracy model. ‘Observed’ substitutions were inferred from the 
Orthogeomys phylogenetic tree as explained in the text. Letters refer to branches in Fig. 2.1, and terms are defined in the text.
Branches Total Expected
‘observed’ Expected number of 
Substitution types a b c d e f g substitutions frequency0 substitutionsb (ty  Eij) 2
Synonymous 
1st pos. transitions
3rd pos. transitions , _ -------  ---- ----  ------
3rd pos. transversions 4 0 3 8 5 0 1 0  30 0.1998 29.169 0.024 0.429
2 0 0 3 2 0 2 9 0.0759 11.079 0.390
11 10 16 20 19 9 22 107 0.7243 105.752 0.015
0 3 8 5 0 10
wto
Nonsvnonvmous 
1st pos. transitions 0 2 0 1 1 1 1 6 0.2350 3.995 1.006
1st pos. transversions 0 0 0 0 0 0 2 2 0.1871 3.181 0.438
2nd pos. transitions 1 1 0 0 0 1 0 3 0.2689 4.571 0.540
2nd pos. transversions 0 1 t 1 0 0 0 3 0.1816 3.087 0.002
3rd pos. transversions 0 1 0 0 2 0 0 3 0.1274 2.165 0.322 2.309
Calculation of expected substitution frequencies is based on pooled sequence data of 549 class 1 codons, 619 class 2 codons, 62 
class 3 codons, and 70 class 4 codons, where N=1432 and N’=3281.
b Expected number of substitutions is calculated by multiplying the expected frequency by the total number of inferred synonymous 
(146) or nonsynonymous (17) substitutions
proportions o f inferred nonsynonymous substitutions also are not as similar to their 
predicted proportions. This result is as expected because rates o f nonsynonymous 
substitutions are more greatly influenced by the effects of purifying selection, and thus 
will not behave in a selectively neutral manner as synonymous substitutions can be 
predicted to do.
2.3.1 Potential Causes of Lack of Fit to the CDM
Many factors may cause the goodness-of-fit between expected and observed 
substitution frequencies to be poor. The most obvious of these is multiple 
substitutions at single sites on individual branches. As terminal taxa diverge, the 
likelihood that multiple hits will adversely affect the accuracy of observed substitution 
frequencies will increase. If saturation is a significant factor, then the greatest 
difference between expected and observed substitution frequencies will probably be 
among third position synonymous transitions, and the poorest goodness-of-fit value 
will be among third position synonymous transversions. The pocket gophers used in 
this study were chosen specifically because they diverged recently. As expected, the 
goodness-of-fit between the expected and observed substitution frequencies indicate 
that the cyt-6 and COI genes from these pocket gopher species have experienced very 
little saturation.
Other, less obvious, causes of lack of fit to the CDM may include the effects of 
DNA repair, codon bias, and G+C content (Xia et al. 1996). Generally speaking, the 
effect of efficient DNA repair and substitutional saturation would have a similar effect 
on observed frequencies of substitution. As DNA repair becomes more efficient, the 
relative proportion of transition substitutions decreases because the fixation 
probability of mutations involving transversions at twofold-degenerate sites increases 
with a decreasing substitution rate (Xia et al. 1996). However, the two may be 
distinguished by examining the number of transitions and transversions per codon class
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in relation to the expected frequencies of substitution in Table 2.4. If DNA repair 
were a significant factor, the expected frequencies of third position substitutions in 
class 2 and 3 codons and of first position synonymous substitutions in class 3 and 4 
codons would show the greatest lack of fit. However, class 1 codons, which lack 
twofold-degenerate sites, would fit expectations well.
As the intensity of purifying selection for codon bias increases, the number of 
transitions at twofold-degenerate sites, and therefore overall transition bias, will 
decrease (Xia et al. 1996). Under conditions of selection for codon bias, which tends 
to limit the effective number of codons used in a gene (Wright 1990), synonymous 
substitutions are no longer neutral. Tests for codon bias (e. g., Wright 1990) may 
confirm or eliminate this possibility as a cause for lack o f fit.
Bias in G+C content is a phenomenon that has been shown to be related to codon 
bias (Wright 1990). As the intensity of purifying selection for a bias in G+C content 
increases, the rate of transition substitutions will decrease correspondingly. This 
condition can be detected by comparing the empirical nucleotide frequencies to the 
frequencies o f individual nucleotide exchanges (e. g., A to T; G to C; A to G; as in 
Tamura and Nei 1993). Although this analysis may be misleading (Pema and ECocher
1995), high rates of G to C and C to G exchanges also may be correlated with lowered 
transition rates (detected by the CDM) and high G+C content. If this is the case, 
purifying selection may be said to favor a bias in G+C content.
Factors that affect the frequencies of nonsynonymous substitution may include 
selection against changes in physicochemical properties, which, on average, would 
favor first and third position substitutions over second position substitutions (Haig 
and Hurst 1991; Xia 1998). By comparing the distribution of Grantham (1974) 
distances expected by completely random amino acid replacement (as per assumption 
6; see also Xia 1998) with the physicochemical differences o f observed replacements,
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the influence of selection on substitution patterns may be characterized. If the 
observed frequency of amino acid replacements with low Grantham differences is 
greater than what is expected by chance, then it can be argued that selection may have 
caused a deviation from expectations by limiting the number of possible amino acid 
replacements.
2.3.2 T ransition-to-T ransversion Ratio
Another important implication o f this model is the possible prediction of the 
transition-to-transversion ratio for synonymous and nonsynonymous substitutions 
entirely from codon composition. Transition bias is a very important topic in 
molecular systematics and has received much attention in the literature (e. g., Wakeley 




r  =  F i s + F is  ( 2 y \
for synonymous (syn) and nonsynonymous ins) substitutions, respectively. For 
pocket gophers o f the genus Orthogeomys, the expected synonymous transition- 
transversion ratio based on codon composition (R(syn} = 4.0053) is very similar to the 
observed ratio {[slv](syn) = 3.8667), and the expected nonsynonymous ratio (R(ns) = 
1.0158) is similar to the observed ratio ([s /v ]^  = 1.1250). However, R(syn) and R(ns) 
are contingent on input from equations (9, 10, 20-22) for the relative proportions of 
transitions and transversions per fourfold- and nondegenerate site. If  the observed 
values from the best tree (Fig. 2.1) had been used (rj4 =0.6625, tVi =0.3375, f'o = 
0.5385, and t ' = 0.4615) rather than the maximum-likelihood estimates of these values 
(from Xia et al. 1996), the result would have been a poorer fit between the expected 
and observed substitution patterns (%2(syn) ~ 3.5120, and %2(ns) ~ 2.9930).
35
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER THREE  
TREE BUILDING USING THE CODON-DEGENERACY MODEL
3.1 Introduction
Parsimony or maximum-likelihood analyses often are used to estimate 
phytogenies that are most parsimonious or most likely based on a predetermined 
optimality criterion. These methods, however, assume that evolution manifests itself 
in a particular way. Thus, tests have been developed that can compare statistically the 
likelihoods of alternative tree topologies (Kishino and Hasegawa 1989) and results of 
competing maximum-likelihood phylogeny reconstruction method (Huelsenbeck and 
Crandall 1997; Huelsenbeck and Rannala 1997). Although a particular tree or method 
may be inappropriate for describing the evolution of a group of organisms, statistical 
tests indicate how well a particular tree or method is supported relative to other trees 
or methods. In addition to having different levels of support, alternative tree 
topologies also may presuppose different transition biases. It is a challenge, therefore, 
to recover an appropriate transition bias without knowledge of the phylogenetic 
relationships of the gene sequences.
3.1.1 Codon-degeneracy Model o f Molecular Evolution
The codon-degeneracy model (CDM; see Chapter 2) illustrates how codon 
composition information can be used to assess the goodness-of-fit between empirical 
transition biases inferred from a phylogenetic hypothesis and the expected patterns of 
substitution based on constraints of the genetic code. The CDM is based on the fact 
that there are discrete patterns of codon degeneracies that restrict the molecular 
evolution of protein-coding DNA sequences. Each codon class, as defined in Chapter 
2, is composed o f codons that possess the same pattern of degeneracy. If we assume 
that these patterns have a strong influence on the molecular evolution of protein-
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coding DNA sequences, then it follows that neutral changes accumulate at these sites 
in ways that can be predicted by analyzing the codon composition of a given sequence.
3.1.2 The CDM and Transition Bias
The CDM is designed to measure the similarity between the substitution patterns 
inferred from a phylogenetic tree and substitution patterns predicted by an analysis of 
codon composition for a given a set of protein-coding DNA sequences. The CDM, as 
it was presented in Chapter 2, cannot be used directly to estimate transition bias. For 
this reason, I used maximum-likelihood estimates of transition bias from the 
calculations of Xia et al. (1996) for the study in Chapter 2. These estimates were 
based on a phylogenetic tree that included more pocket gopher taxa than those used in 
Chapter 2.
Tree-based estimates of transition bias are appropriate when there is high 
confidence in the tree’s topology, but this condition is rarely met. Chapter 2 not only 
used an outside estimate of substitution bias (from Xia et al. 1996), but also used a 
well-corroborated tree topology (Hafner 1991; Hafner et al. 1994; Page 1996). This 
allowed the CDM to be analyzed with real data. These limitations of the CDM, 
however, render it inappropriate for most data sets. Rarely is the groundwork (a 
highly corroborated phylogenetic tree and detailed genetic studies) laid for a  study as 
nicely as it was with the pocket gopher data. It is necessary, therefore, to derive a 
method by which the CDM may be used in more realistic circumstances.
The CDM requires estimates of transition bias at fourfold and nondegenerate 
sites (Chapter 2). These biases can be estimated either empirically (Fitch 1970) or by 
use of maximum-likelihood analysis (Xia et al. 1996), but both approaches involve 
phylogenetic conjecture to some extent. Global transition bias is probably not 
influenced by phylogenesis, but is likely the natural outcome of both the evolutionary 
biology of the gene in question and the selective pressures of the microenvironments
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in which, polypeptides must function. If we could examine transition bias, while 
ignoring the variable influences o f selection, by looking at fourfold-degenerate sites 
only, for example, perhaps then we could deduce a measure of transition bias 
appropriate for a given tree topology. To this end, the CDM may be of some help.
It is the purpose of this chapter to use the equations of the CDM to derive an 
equation that describes the optimal synonymous transition bias for a given set of 
protein-coding DNA sequences and a given tree topology. I will then present a way to 
use this equation to directly compare tree topologies in terms of goodness-of-fit 
between each topology and the predictions of the CDM. This methodology will then 
be used to search for the tree topology with the best possible fit to the CDM.
3.2 M aterials and Methods
3.2.1 Estimating Transition Bias at Fourfold Degenerate Sites 
The CDM equations for expected relative frequencies o f the three possible 
synonymous substitution types are
where c„ is number of codons o f class n, and t and tVi are the proportions of 
transitions and transversions, respectively, at fourfold degenerate sites where 





N  = cl +c2 + 2 c3 + 2c4 (4)
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and Fjj is the relative frequency of substitution for / = 1,2, 3 (codon position), and j  = 
s, v (s = transitions and v = transversions, respectively).
These equations constitute expected relative frequencies of synonymous 
substitution, which, in turn, are used in a general goodness-of-fit equation
r ,  1,(0* -  5 ,->2 (A . s F „ f  -sF ,S-  ( v , , -sF ,S -
E sF sF sFij ■ 'M i • 'M i  * r 3v
(5)
where Olo is the tree-dependent (observed) number o f synonymous substitutions of 
type O at position io, EtJ is the sequence-dependent (expected) number of synonymous 
substitution as defined by the equation Eu = sFtj, and 5 is the total number of inferred 
substitutions, and ilo, /3 , and v'3o are inferred numbers of first position transitions, 
third position transitions, and third position transversions, respectively. The value of 
X2, therefore, is the result of the inferences specific to a given phylogenetic tree 
topology, the codon composition of the genes in question, and the transition bias at 
fourfold degenerate sites, r (see equations [1-3]). The relationship between %2 and 
t is similar to the graph in Fig. 3.1. The exact value of tu that makes x2 minimal is 
the transition bias that is optimized for a particular tree. This value can be found by 
taking the derivative of equation (5)
£ c r ) = £





K  s F iv)2 
sF3v
(6)
Equation (6) defines the slope of the line that is tangent to the curve in Fig. 3.1 where 
the value o f %2 is the smallest. Equation (6) is simplified by the fact that F!s is not 
dependent on the correct estimate of t . Therefore,
X  - ^ ) 2
sF.
=  0 (7)
and
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Transition Bias at Fourfold Degenerate Sites
Figure 3.1. Theoretical relationship between transition bias at fourfold-degenerate sites 
and the CDM goodness-of-fit score. For example, the minimum goodness-of-fit score for 
the accepted phylogeny for the Orthogeomys pocket gophers in this study (Fig. 3.2) is 
0.4505.
£ 0 : 2) = £
Cf»„ ~ ^ ) 2
sK




Substituting in the appropriate components o f  equation (1), the equation 
becomes
£ 0 r ) = £
5(^4 (C[ + 3 ^4 ) C2 "*■ C3)
*3.- N
z \
■s(f54(ci + yc4) + c2 + c3)
N




- i 2  \
N
(9)
To simplify this equation the following substitutions can be made: c, + y c4 = <2 , 
c2+ c3 = b, t —x ,  and = 1 — x . This results in
£ ( Z 2) = £
s(ax + b) 2 •s ( £tf (1  — X )  '




From here, the terms of equation (10) can be differentiated to be:
_d_
dx
s(ax + b) 




_ j _ f  x 2(a2s2) + x(2 abs1 +  2aiNs) + (i2N2 — 2biNs + b2s2) 
~ *  I Ns(ax + b)
a{s1{ax + b)2 — i2N 2) 
Ns(ax + b)2 (11)
and
dx
£<2(1 — X )
N  .
£<2(1 — *) 
N
_  jd_ 
~  dx
f  x 2(a2s2) + x(2aNsv — la^s2 ) + (N 2v2 -  2aNsv +  a2s2) ̂
aNs(x — 1)
This results in
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</ a ( s z ( a x  +  b )2 - i2N 2)) f  a 2s \ x - l )2 -  N 2v 2 )
d': Z )  [  N s ( a x  +  b )2 J [ a N s ( x - l )2 J
Solving for x is accomplished by
^ a ( s 2 ( a x  +  b )2 — i z N 2 ) ^
y  N s ( a x  +  b )2 )   ̂ a N s ( x - l '2
and
C 2 2/ t\2 \r2 2 \a  s  ( x  — 1) - N  v
s ( x  — 1) (14)
(.a(s2(ax + b)2 - i 2N 2)) (a (x - l)2) =  (a2s2(x - 1)2 -  N 2v2){ax + b f  (15)
which can be reduced to
n ¥ ( x - l ) 2 = v2(ax + b)2 (16)
and converted to the second order polynomial
x2(a2i2 — a2v2) — x(2a2i2 +2 abv2) + (a2i2 —b2v2) = 0 (17)
Equation (15) has two solutions:
ai2 ~ (a  + b)iv + bv2
x = --------- 77;-----7------- (18)n (r  -  v-)
or
ai2 +(a + b)iv + bv2 . . . .
X = --------- p; -=r  (19)
a (r  -  v~)
Equation (18) gives a value of x  that is between x  = 0 and x=l, and will therefore be 
the value of tu that maximizes the fit o f the CDM to a given tree topology.
3.2.2 Phylogenetic Analysis
I obtained sequence data from homologous regions of the mitochondrial gene 
cytochrome oxidase subunit 1 (COI; 378 bp) and cytochrome b (cyt-b; 402 bp) from 
the pocket gopher species Orthogeomys cavator, O. cherriei, O. heterodus, O. 
hispidus, O. underwoodi, and Zygogeomys trichopus (GenBank accession numbers 
L32686, L32687, L32691, L32692, L32695, and L32696 for COI and L38465,
L38466, L38470, L38471, L38473, and L38477 for cyt-b; Sudman and Hafher 1992; 
Hafiier et al. 1994; Xia et al. 1996). Analysis of substitution patterns included: 1)
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reconstruction of all possible parsimony trees using the exhaustive search procedure in 
PAUP* (Phylogenetic Analysis Using Parsimony*; Swofford 1998); 2) reconstruction 
of the ancestral sequence at each node (Fitch 1970) for each alternative tree using the 
accelerated transformation character optimization procedure (ACCTRANS) in 
PAUP*; 3) comparison of the sequence at each branch terminus with its immediate 
ancestral sequence to infer the type and number of nucleotide substitutions for each 
alternative tree (similar to Li 1993); 4) calculation of the optimal transition bias for 
each alternative tree topology using equation (18); 5) calculation of expected relative 
synonymous substitution frequencies using equations (1-3); and 6) calculation of 
goodness-of-fit scores between the expected substitution profile predicted by the 
assumptions of the CDM and the type and number o f substitutions inferred from each 
of the alternative trees. The distribution of optimal goodness-of-fit scores was further 
compared with similar distributions of parsimony tree lengths and —In likelihood 
scores utilizing the general time-reversible (GTR) model with maximum-likelihood 
estimates of gamma distribution and proportion of invariable sites available in 
PAUP*.
3.3 Results and Discussion
One of the greatest challenges in the field of phylogenetic systematics is 
choosing from among competing hypotheses of phylogenetic relationships (Swofford 
et al. 1996). With regard to DNA sequence data, there are many analytical parameters 
to consider and many statistical algorithms with which to examine competing 
hypotheses. Modification of any parameter in the analysis can alter the outcome 
greatly. Although in Chapter 2 the phylogeny of Orthogeomys is considered given, 
this chapter attempts to recover this phylogeny using the CDM goodness-of-fit score 
as an optimality criterion. This chapter will approach the phylogeny of Orthogeomys
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by not assuming any particular tree. A review of the history of pocket gopher 
systematics is therefore appropriate.
3.3.1 Historical Overview of Orthogeomys Systematics
Hafner et al. (1994) presented two alternative topologies for the Orthogeomys 
portion of the pocket gopher phylogenetic tree. The first tree (Fig. 3.2a) resulted from 
a Fitch-Margoliash analysis of COI sequence data. The topology of this tree was 
identical to that of the chewing lice that parasitize and coevolve with these pocket 
gophers. The chewing louse tree topology had been generated using parsimony, 
maximum-likelihood, and Fitch-Margoliash analyses o f homologous COI regions. 
Page (1996) supported the phylogenetic relationships in Fig. 3.2a in a subsequent 
reanalysis of the pocket gopher COI data.
The second pocket gopher tree presented by Hafner et al. (1994; Fig. 3.2b) was 
generated by both parsimony and maximum-likelihood analyses of the COI sequence 
data. The phylogenetic relationships depicted in Fig. 3.2b also drew support from 
earlier phylogenetic analyses of protein electrophoretic data (Hafner and Nadler 1990). 
An analysis of combined 12S rDNA and cytochrome b (cyt-6) sequence data (Sudman 
and Hafner 1992) also produced the tree shown in Fig. 3.2b, plus a third tree (Fig. 
3.2c). The three trees in Fig. 3.2 are very similar and conventional tree-testing 
algorithms (Kishino and Hasegawa 1989) show that support for one is not 
significantly better than support for any other.
3.3.2 Distribution o f Tree Topologies
Parsimony analysis of the pocket gopher cyt-6 (Sudman and Hafner 1992) and 
COI (Hafner et al. 1994) data produced two equally most-parsimonious trees (Fig.
3.2a, c) from unordered data. Bootstrap analysis (1,000 replicates) revealed relatively 
weak bootstrap support (71%) for a branch leading to an O. underwoodi and O. 
cavator sister relationship. Maximum-likelihood analysis of these same DNA
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Figure 3.2. Alternative phylogenies for five species of pocket gopher of the genus Orthogeomys. (a) Phylogenetic tree 
based on Fitch-Margoliash distance analysis of 378 bp of the mitochondrial gene COI (Hafner et al. 1994). Numbers in 
parentheses refer to bootstrap values for these branches (1,000 replicates) calculated in this study, (b) Phylogenetic tree 
based on parsimony and maximum-likelihood analyses of the same COI sequences (Hafner et al. 1994). (c) 
Phylogenetic tree based on parsimony and maximum-likelihood analyses of combined 16S rDNA and cyt-b sequences 
(Sudman and Hafner 1992).
sequences revealed that the trees in Fig. 3.2 have the three best Iog-likelihood scores 
of ail possible trees.
15 possible unrooted trees, or networks, can describe all potential relationships 
among the five pocket gopher species (Felsenstein 1978). An outgroup branch can be 
attached to any one of the seven branches in each network, creating a cluster of seven 
trees, all with the same ingroup network. Therefore, an exhaustive search for all trees 
involving five ingroup taxa and one outgroup taxon will yield 105 possible rooted 
trees, including 15 clusters of seven trees each (Appendix B).
The distribution of tree lengths for all 105 possible rooted Orthogeomys trees is 
graphed in Fig. 3.3. This figure illustrates the degree of variation within and among 
these clusters. The shortest tree in each cluster of seven (Fig. 3.3) always places the 
outgroup on the branch that leads to O. hispidus (just like the three trees in Fig. 3.2). 
However, no other obvious patterns emerge in this distribution.
Maximum-likelihood analysis of these same trees produced the scatterplot 
shown in Fig. 3.4. As in Fig. 3.3, the 'best' tree in every group of seven (i.e., the tree 
with the lowest -In likelihood score) placed the outgroup on the branch leading to O. 
hispidus. However, unlike Fig. 3.3, the overall distribution of scores in Fig. 3.4 
exhibits a closer association of trees within each cluster, the best trees in each cluster 
being distinctly separate for the other members of the cluster. Kishino-Hasegawa tests 
(Kishino and Hasegawa 1989) showed that the outlying tree in each o f the 15 tree 
clusters (A-O in Fig. 3.4) is significantly more likely than the other six trees in that 
cluster. This lends additional support to the hypothesis that the root of the 
Orthogeomys tree is on the branch leading to O. hispidus. However, Kishino- 
Hasegawa tests also indicate no significant difference between nine of these 15 ‘best’ 
trees, which includes the three trees illustrated in Fig. 3.2.
46









































9 9 9 9 9
9 9 9 9
9 9 9 9 9 9
9
9
• • • 9 9 9 9 9 9
• 9















A B C D E F G H 1 J K L M N 0
14 21 28 35 42 49 56 63 70 77 84 91 98 105
Tree Topology
Figure 3.3. Distribution o f unweighted parsimony tree lengths o f the 105 possible tree topologies for 
Orthogeomys COI and cyt-h sequences. Tree topology numbers refer to the order in which the tree topologies 
were analyzed and saved by PAUP*. The x-axis scale highlights every seventh tree topology with a vertical 
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Figure 3.4. Distribution o f general time-reversible (GTR) maximum-likleihood scores for all possible tree 
topologies for the Orthogeomys COI and cyt-b sequences. Tree topology numbers correspond to those in 
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Clearly, parsimony and maximum-likelihood analyses yield similar results in 
this case. Although, neither method indicates a significantly better Orthogeomys 
network, they do consistently indicate the location o f the root node, which agrees with 
all previous analyses of these taxa. Unfortunately, these two methods lack the 
precision necessary to determine the topology of the ingroup.
3.3.3 Application o f the Codon-degeneracy Model
The CDM was used to analyze the 105 pocket gopher trees from a goodness-of- 
fit perspective. The distribution of the optimum goodness-of-fit scores, defined as the 
goodness-of-fit between the expected and observed synonymous substitution 
frequencies with a transition bias estimated by using equation (18), is graphed in the 
scatterplot in Fig. 3.5. According to neutral theory, synonymous substitutions are 
expected to be more neutral than nonsynonymous substitutions. Therefore, 
examination of the goodness-of-fit between expected and observed frequencies of 
synonymous substitutions only is conceptually more consistent with assumptions of 
the model.
Unlike the parsimony (Fig. 3.3) and maximum-likelihood (Fig. 3.4) analyses, the 
CDM goodness-of-fit analysis (Fig. 3.5) was not sensitive to the position of the root 
branch on the phylogenetic tree because only the five closely related taxa of the 
ingroup were considered in this study. The trees within each cluster in this 
distribution display a much closer association than in either of the other two 
distributions. Calculation of the mean synonymous goodness-of-fit score for each 
cluster of trees reveals that the cluster containing the tree in Fig. 3.2a (cluster F;
X 1 = 0.4465) has a significantly smaller mean goodness-of-fit score than any other 
cluster (p<0.05 using a two-tailed t-test comparing two samples with unequal 
variance), with the exception of the cluster that includes the tree in Fig. 3.2b (cluster 
A; x 2 =0.4588).
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Figure 3.5. Distribution o f codon-degeneracy goodness-of-fit scores for all possible tree topologies for the 
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The relationship between the CDM and GTR maximum-likelihood can be seen 
in Fig. 3.6. The separation between the best tree (labeled with asterisks) and the other 
trees in each cluster of seven is distinct. The clusters form superclusters (indicated by 
the boxes connected with lines) that are composed of clusters with similar likelihoods 
and goodness-of-fit scores. The trees indicated by F*, A*, and K* correspond to trees 
(a), (b), and (c) in Fig. 3.2, respectively. Fig. 3.6 further indicates the shared support 
for tree F* by both CDM and maximum-likelihood analyses. Although maximum- 
likelihood and the CDM utilize DNA data very differently, they both recover the same 
phylogenetic tree.
In summary, the CDM can be used to estimate transition bias at fourfold- 
degenerate sites for any given phylogenetic tree topology. This bias estimate, in turn, 
can be used to compare alternative hypotheses of phylogenetic relationships. Each 
tree has an associated optimum transition bias, and thus an optimum goodness-of-fit. 
Calculated for all possible tree topologies, optimum goodness-of-fit scores can also be 
used to analyze clusters of tree topologies for significant differences in mean 
goodness-of-fit. Further, when used in conjunction with maximum-likelihood 
methods, the CDM can be a powerful tool in the field of phylogenetic systematics. 
Maximum-likelihood can potentially indicate the relationship of an outgroup to an 
ingroup under the assumption of a model of nucleotide substitution. The CDM can 
indicate the tree that optimally fits the constraints of the genetic code. Thus, 
agreement between these two methods indicates a high degree of support for the 
selected phylogenetic hypothesis.
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Figure 3.6. Relationship between general time-reversible (GTR) -In likelihood scores and codon-degeneracy model (CDM) 
goodness-of-fit scores for 105 possible Orthogeomys trees. Lettered circles and dotted lines refer to the 15 clusters (A-O) 
denoted in Fig. 3.4, and 3.5. Letters with asterisks refer to those trees that are the outliers o f each cluster in Fig. 3.4. Boxes and 
solid lines group superclusters composed of clusters with similar CDM goodness-of-fit scores and GTR -In likelihood scores.
CHAPTER FOUR
CALCULATING RELATIVE MEASURES OF 
PURIFYING SELECTION USING A 
NULL MODEL OF AMINO ACID REPLACEMENT  
4.1 Introduction 
4.1.1 Potential Influences on Polypeptide Evolution
Because many potential interacting factors determine the evolution of 
polypeptides, assessing the relative contribution o f each can be difficult. Both codons 
and the amino acids they encode possess inherent properties that influence the rate and 
location of nonsynonymous nucleotide substitutions (Grantham 1974; Taylor 1986; 
Haig and Hurst 1991; Di Giulio et al. 1994; Xia 1998). Nucleotide site degeneracies 
(Chapter 2), codon bias (Wright 1990; Xia et al. 1996), and G+C content (Treffers et 
al. 1954; Wright 1990; Tamura and Nei 1993; Xia et al 1996) may influence evolution 
in DNA. Selection on a variety of physicochemical properties, as well as protein 
structure and function may influence the evolution of amino acid sequences 
(Grantham 1974; Xia 1998).
4.1.2 Influence of Physicochemical Properties on Evolution
The physicochemical properties of amino acids play a major role in establishing 
the phenotype of a protein by influencing other properties, such as tertiary and 
quaternary structure, the location of ligation interactions, and the interaction of the 
protein with cellular or organellar membranes. Many physicochemical properties are 
associated with amino acids (e.g., composition, hydropathy, isoelectric point, 
molecular volume, polarity, and polar requirement) some of which have a greater 
influence on evolution than others. For example, polar requirement (a measure of 
polarity calculated as the slope of the line that results when log(l -  Rf)/Rf for free 
amino acids is plotted against the log mole fraction of water in pyridine solvent) and
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hydropathy (a measure o f polarity based on water-vapor transfer free energies, and the 
interior-exterior distribution of amino acid side-chains) affect the evolution o f the 
genetic code more than isoelectric point and molecular volume (Wong 1980; Di Giulio 
1989; Haig and Hurst 1991; Di Giulio et al. 1994). The genetic code has evolved so 
that similar codons often specify similar amino acids in relation to polar requirement 
and hydropathy (Sonnebom 1965; Epstein 1966; Goldberg and Wittes 1966; Alff- 
Steinberger 1969).
Grantham (1974) summarized those physicochemical properties with the greatest 
effect on rates of amino acid replacement. These properties include composition 
(atomic weight ratio of noncarbon elements in the end groups to carbons in the side 
chain), polarity, and molecular volume. A qualitative overview o f the relationship 
between these differences and purifying selection can be viewed as an evolutionary 
schematic (Fig. 4.1). Regions of inherent instability, represented by the thick solid 
lines, include amino acids that may be substituted for one another without greatly 
affecting the structure of function o f a protein. As the Grantham difference between 
residues increases, the thickness of the lines in the schematic decreases. Dashed lines 
indicate that the Grantham difference is nearing that of the mean for all possible 
changes. Grantham (1974) constructed this measure so that the mean physicochemical 
difference between amino acids is D  = 100. Those amino acid differences that are 
either greater than the mean, or take two steps are not considered in this diagram 
because they are much less likely to occur if purifying selection were to strongly 
influence probabilities of fixation.
The goal of this chapter is to present a null model of amino acid replacement 
based on the (admittedly unreasonable) assumption that all amino acid sites are 
neutral. I use this model to describe the differential effects of purifying selection on 
the functional domains of the cytochrome b gene in pocket gophers. This model may
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Figure 4.1. Schematic o f Grantham (1974) amino acid differences. Solid and dashed lines 
correspond to the magnitudes o f these differences are as follows: M d=0-10, M D = 11-20, 
■■£>=21-30, ""D=3l-40, — D=4l-50,— £>=51-60,- - D = 6 1-70, —  £>=71-80, --£>=81-90,
and  £>=91-100. Cysteine is not connected to any other amino acid because all the
Grantham differences associated with it indicate that it is quite different than all other 
residues.
allow researchers in the field of molecular evolution to describe the evolution o f 
molecules in terms o f  their departure from entirely neutral expectations.
4.2 Materials and Methods
The phylogeny of pocket gopher has been studied extensively from a molecular 
perspective (e.g., Smith and Patton 1980; Patton and Sherwood 1982; Hafner and 
Nadler 1990; Sudman and Hafner 1992; Demastes and Hafner 1993; DeWalt et al. 
1993; Hafner et al. 1994; Hafner and Page 1995; Xia et al. 1996). A representative 
species from each o f five genera of pocket gopher was selected for this study 
(Cratogeomys castinops, Pappogeomys bulleri, Orthogeomys heterodiis, Geomys 
bursarius, and Thomomys bottae [GenBank accession numbers LI 1902, LI 1900, 
U65299, LI 1901, and U65247, respectively]). A complete cytochrome b sequence for 
species was downloaded from the National Center for Biotechnology Information 
(NCBI) database.
Phylogenetic analysis was performed using the general time-reversible (GTR) 
model of maximum-likelihood in PAUP* (Swofford 1998). Maximum-likelihood 
estimates of substitution rates, nucleotide frequencies, proportion of invariable sites, 
and gamma distribution shape parameter, a , were calculated. Ancestral character- 
state reconstructions were optimized using this same maximum-likelihood model. The 
sequence at each branch terminus was compared with its immediate ancestral 
sequence to estimate the number and types of substitutions (similar to Li 1993; see 
also Xia et al. 1996; Xia 1998).
Information pertaining to each nonsynonymous substitution was recorded 
(Appendix C), including codon position, type of base-exchange (transition or 
transversion), its exact location in the protein, and the magnitude of change in 
physicochemical properties based on Grantham (1974) distances (Dq) between 
original and resultant amino acid residues. The functional domains defined by Degli
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Esposti et al. (1993) were used to categorize the substitutions further. The differential 
evolution o f these domains was analyzed in. terms of physicochemical properties using 
the model described herein
4.3 Results and Discussion
4.3.1 Review o f Cytochrome b Evolution
Any meaningful discussion of the evolution of a protein-coding gene must be 
considered in the context of the evolutionary biology o f the protein it encodes. 
Cytochrome b is the central catalytic subunit of the Q-cycle, and the only membrane- 
bound molecule in the ubiquinohcytochrome c reductase complex. The structure and 
function o f much of the mitochondrial protein cytochrome b has been determined in 
great detail, in many cases, down to the individual amino acid residue. The patterns o f 
cytochrome b nucleotide and amino acid substitution also have received much 
attention (e.g., Irwin et al. 1991; DeWalt et al. 1993; Graybeal 1993; Xia et al. 1996; 
Griffiths 1997). Such studies have evaluated cytochrome b in terms of variation at 
many levels: among sites (e.g., among codon positions), among base-exchange types 
(e.g., transition or transversion), and among regions or domains of the molecule (e.g., 
intermembrane, transmembrane, or matrix). Both Irwin et al. (1991) and Griffiths 
(1997) showed that the intermembrane domain (referred to as the “outer surface” 
domain by Irwin et al. 1991) has evolved significantly more slowly (i.e., is less 
variable) than the other two functional domains. This is thought to reflect 
evolutionary constraints imposed by the function of the redox centers in the 
intermembrane regions (Irwin et al. 1991; DeWalt et al. 1993; Griffiths 1997).
The intermembrane domain, which consists of 114 amino acid residues (Degli 
Esposti et al. 1993), contains 31 residues (27.2%) either completely or mostly 
conserved in metazoans (Degli Esposti et al. 1993). Nine residues in this domain have
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been implicated in the function of a redox center, and thus the electron transfer 
function between ubiquinoi and cytochrome c in the Q-cycle mechanism.
Both Irwin et al. (1991) and Griffiths (1997) explain that the transmembrane 
domain, which consists of 189 amino acid residues (Degli Esposti et al. 1993), is 
composed o f a greater proportion o f hydrophobic amino acid residues than either the 
intermembrane or matrix domains. This may influence the evolution o f this domain 
by allowing more replacement substitutions because of the close physicochemical 
similarity of some hydrophobic amino acids (Haig and Hurst 1991; Grantham 1974). 
Indeed, Irwin et al. (1991) notes that most of the observed amino acid replacements in 
the transmembrane region were between the hydrophobic amino acids leucine, 
isoleucine, and valine (see also Komegay et al. 1993). Additionally, the 
transmembrane domain contains 42 (22.3%) completely or nearly conserved (in the 
vast majority of metazoans) residues (Degli Esposti et al. 1993). Eighteen residues in 
this domain have been implicated in either proton input or output redox activity.
Griffiths (1997) notes that the matrix domain, composed of 77 amino acid 
residues, has a relatively high proportion of polar and basic amino acid residues.
Degli Esposti et al. (1993) noted that a few residues in the matrix domain have been 
implicated in the proton-input function of a redox center. Degli Esposti et al. (1993) 
also found a few residues that are highly conserved in metazoans and that are thought 
to be invariant. The other regions o f the matrix domain have no known function or 
conserved properties in metazoans.
Griffiths (1997) found that the transmembrane and matrix domains have similar 
levels o f variability in birds (22 and 21% of the residues, respectively), but the 
proportion of variable intermembrane residues is much lower (6%). Irwin et al. (1991) 
had results similar to those of Griffiths (1997) with regard to “hypervariable sites,” 
that they defined as those sites that experienced amino acid replacements at least
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twice. They found that the transmembrane and matrix domains had higher levels of 
hypervariability in mammals (32.6 and 27.6% of the residues, respectively) than did 
the intermembrane domain (10.8%).
4.3.2 Evolution of Cytochrome b in Geomyids 
Results of the phylogenetic analysis of the five species o f pocket gopher are 
illustrated in Fig. 4.2. The topology of this tree is supported by the studies o f Hafner 
et al. (1994) and Xia et al. (1996) using partial cytochrome oxidase subunit I (COI) 
and cytochrome b sequences, and Hafner and Nadler (1988) analyzing allelic variants 
at 31 protein loci. The topology shown in Fig. 4.2 was supported by the results of 
codon-based maximum-likelihood (Xia et al. 1996; Yang 1995; Goldman and Yang 
1994), Fitch-Margoliash (Hafner et al. 1994), maximum-parsimony (Hafner and 
Nadler 1990), locus-by-locus (Hafner and Nadler 1988; Hafner et al. 1987), and 
UPGMA (Hafner and Nadler 1988) analyses.
The number and type o f nonsynonymous substitutions inferred using maximum- 
likelihood estimates o f ancestral character-states are listed in Table 4.1. It is plain 
from these data that nonsynonymous substitutions in the transmembrane domain (69 
substitutions) far outnumber those in the intermembrane (9 substitutions) or matrix (19 
substitutions) domains. The distribution of Grantham differences {Do) produced by 
these substitutions is summarized in Table 4.2. These data indicate that purifying 
selection has resulted in conservative protein evolution in relation to physicochemical 
properties. Nearly 60% of the substitutions resulted in a Grantham difference of 30 or 
less. A graphical representation of this distribution is shown in Fig. 4.3. Expected 
frequencies are calculated by
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Table 4.1. The number and type of nonsynonymous substitutions inferred from the 
geomyid phylogeny using maximum-likelihood estimates of ancestral character states. 
Abbreviations for types of substitution are defined as follows: lpts = first position 
transitions; Iptv = first postion transversions; 2pts = second postion transitions; 2ptv = 
second position transversions; 3ptv = third position transversions. Abbreviations for 
subdomains are defined in Appendix C.
Subdomain Types of Substitution Number of Substitutions
lpts Iptv 2pts 2ptv 3ptv Total Residues per Residue
N-term 1 1 0 0 1 3 30 0.100
TM-A 0 1 1 0 1 3 25 0.120
IM-ab i 2 1 0 0 4 24 0.167
TM-B 0 0 0 0 0 0 27 0.000
M-bc 0 0 0 2 0 2 9 0.222
TM-C 3 0 1 0 0 4 21 0.190
IM-cd 0 1 0 1 1 3 44 0.068
TM-D 1 1 1 0 0 3 27 0.111
M-de 3 3 3 1 0 10 22 0.455
TM-E 4 8 5 1 2 20 22 0.909
IM-ef 0 0 1 0 0 1 37 0.027
TM-F 3 3 1 0 1 8 23 0.348
M-fg 0 1 1 0 1 3 10 0.300
TM-G 3 5 3 0 1 12 23 0.522
IM-gh 0 0 0 1 0 1 9 0.111
TM-H 3 11 2 0 3 19 21 0.905
C-term 0 1 0 0 0 1 8 0.125
Totals 22 38 20 6 11 97 382 0.254
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Table 4.2. The Grantham differences (Da) produced by nonsynonymous substitutions 
in the geomyid cytochrome b molecule. Abbreviations for types of substitution are the 
same as those in Table 4.1.
Magnitude Types of Substitution
Class lpts Iptv 2pts 2ptv 3ptv Total Proportion
[0-10] 0 8 0 0 6 14 14.4%
[11-20] 0 18 0 0 0 18 18.6
[21-30] 19 3 0 2 2 26 26.8
[31-40] 0 2 0 0 0 2 2.1
[41-50] 0 0 1 0 1 2 2.1
[51-60] 3 2 0 0 0 5 5.2
[61-70] 0 0 4 0 0 4 4.1
[71-80] 0 0 0 4 0 4 4.1
[81-90] 0 0 8 0 0 8 8.2
[91-100] 0 5 0 0 2 7 7.2
[101-110] 0 0 0 0 0 0 0
[111-120] 0 0 0 0 0 0 0
[121-130] 0 0 0 0 0 0 0
[131-140] 0 0 0 0 0 0 0
[141-150] 0 0 4 0 0 4 4.1
[151-160] 0 0 1 0 0 1 1.0
[161-170] 0 0 0 0 0 0 0
[171-180] 0 0 0 0 0 0 0
[181-190] 0 0 0 0 0 0 0
[191-200] 0 0 2 0 0 2 2.1
Total 22 38 20 6 11 97 100%
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Figure 4.3. Expected and observed distribution of Grantham differences for the pocket gopher 
cytochrome b gene based on the phylogeny in Fig. 4.2. Dashed line represents the expected relative 
proportions, and solid line represents the observed relative proportions o f amino acid replacements.
where F, is the expected relative frequency of amino acid replacements of magnitude 
class / (/= 1 , 2 where [m-1] is the greatest magnitude class where the condition 
Fp>0 prevails), ry is the number of times the potential Do values are in magnitude class 
i across all possible nonsynonymous substitutions of codon j  ( / - l ,  2,..., 60), and rij is 
the number of times that codon j  occurred in the maximum-likelihood estimate of the 
most ancestral sequence of the given gene tree. Each magnitude class i has a user 
defined range of D q  values. In this study, I have defined i  to have a range of ten Do 
units (therefore, m=23 for all sense codons because there are no single step Do values 
greater than 215).
From Fig. 4.3 it is apparent that although the observed curve generally follows 
the expected curve, the observed data are more or less skewed to the left relative to the 
expected. This is more easily seen in a residual plot in which each residual is the 
difference between the observed and the expected relative frequencies so that the 
potential areas of the positive and negative portions of the graph are equal (Fig. 4.4). 
With the exception of the Do = [81-90] and DG = [181-190] regions of the graph, all of 
the area right of Do = 30 is negative. The departure of the DG < 30 portion of the 
graph indicates strong evidence for purifying selection in the pocket gopher 
cytochrome b gene. Selection has prevented the majority o f possible amino acid 
replacements, the exception being those replacements with the least effect on the 
physicochemical properties of the protein.
4.3.3 Differential Evolution o f the Three Cytochrome b Domains
The numbers of amino acid residues, amino acid replacements, and amino acid 
replacements per residue for each cytochrome b functional domain are summarized in 
Table 4.3. These data not only show how different the amino acid compositions are 
within the three domains, they also show how purifying selection acts differently 
depending on the residue and the domain involved. For example, the second most
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Figure 4.4. Residual plot o f the differences between expected and observed relative proportions o f substitution in 

















Table 4.3. Number of amino acids, amino acid replacements (AAR), and amino acid replacements per residue (AAR/res.) in the 
three functional domains of the pocket gopher cytochrome b gene. Standard abbreviations for amino acids are as follows: A = 
alanine, C = cysteine, D = aspartic acid, E = glutamic acid, F = phenylalanine, G = glycine, H = histidine, I = isoleucine, K = 
lysine, L = leucine, M = methionine, N = asparagine, P = proline, Q = glutamine, R = arginine, S = serine, T = threonine, V = 
valine, W = tryptophan, Y = tyrosine.
A m ino
A cid
M atrix T ransm em brane Interm em branc
R esidues A A R A A R /res. R esidues A A R A A R /res. R esidues A A R A AR/res.
A 1 0 0.000 11 1 0.091 7 0 0.000
C 1 2 2.000 2 0 0.000 1 0 0.000
D 2 1 0.500 3 1 0.333 6 0 0.000
E 2 0 0,000 1 0 0,000 3 0 0.000
F 3 0 0.000 18 6 0.333 6 1 0.167
G 3 1 0.333 17 0 0.000 7 0 0.000
H 3 0 0.000 7 0 0.000 2 0 0.000
I 6 2 0.333 18 10 0.556 12 1 0.083
K 7 3 0.429 2 0 0.000 3 1 0.333
L 6 0 0.000 46 17 0 .370 10 I 0.100
M 3 2 0.667 9 15 1.667 1 0 0.000
N 5 1 0.200 4 0 0.000 5 0 0.000
P 8 1 0.125 5 0 0.000 12 0 0.000
Q 1 0 0.000 4 0 0.000 2 2 1.000
R 3 0 0.000 2 0 0.000 3 0 0.000
S 8 3 0.375 7 5 0.714 7 1 0.143
T 6 2 0.333 8 2 0.250 10 2 0.200
V 2 1 0.500 12 12 1.000 6 0 0.000
W 2 0 0.000 4 0 0.000 6 0 0.000
Y 4 0 0.000 8 0 0.000 5 0 0.000
T otals 76 19 0.250 188 69 0.367 114 9 0.079
abundant residue in the pocket gopher cytochrome b gene is isoleucine (I). Of these, 
only 8.3% were replaced in the intermembrane domain, but 55.6% in the 
transmembrane domain. In addition, serine (S) residues were replaced at a high rate in 
the transmembrane domain (71.4%), at a lower rate in the matrix domain (37.5%), and 
lower still in the intermembrane domain (14.3%). This may reflect a relationship 
between the composition and evolution o f the molecule.
The distribution of Dq for observed replacements within the transmembrane, 
matrix, and intermembrane domains are summarized in Table 4.4. These data show 
how purifying selection affects the evolution of the three functional domains 
differentially. Purifying selection affected the matrix and intermembrane domains 
somewhat similarly, with 31.6% and 33.3% of their respective Dc values being less 
than or equal to Dc — 30. The transmembrane domain, however, was more greatly 
affected, with 71.0% of the Dc values being less than or equal to Do = 30. These 
distributions, both expected and observed, are illustrated in Fig. 4.5. It is apparent that 
the constraints acting on the three domains are different with respect to the 
physicochemical properties being selected and their differential effect on the evolution 
of the gene. The amino acid replacements in the transmembrane domain occur at a 
high replacement rate per residue relative to the other domains, but the replacement 
rate of the intermembrane domain is an order of magnitude less than the other two. 
These pocket gopher rates are consistent with the findings of Griffiths (1997) for birds 
of prey, indicating that the evolutionary constraints of cytochrome b generally are 
constant with respect to lineages. When the distribution o f Dg for the replacements in 
the three functional domains is examined, however, it is clear that these evolutionary 
constraints have different effects among the domains. Fig. 4.5b indicates that the 
observed distribution of Dc  relative frequencies for the transmembrane domain is 
much lower than expected relative to the other two domains. If variable sites are
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Table 4.4. Distribution of Da of observed amino acid replacements (AAR) per 





AAR % AAR % AAR %
[0-10] 2 10.5 12 17.4 0 0
[11-20] 1 5.3 16 23.2 1 11.1
[21-30] 3 15.8 21 30.4 2 22.2
[31-40] 0 0 2 2.9 0 0
[41-50] 1 5.3 1 1.4 0 0
[51-60] 3 15.8 1 1.4 1 11.1
[61-70] 0 0 4 5.8 0 0
[71-80] 3 15.8 0 0 1 11.1
[81-90] 0 0 6 8.7 2 22.2
[91-100] 3 15.8 2 2.9 2 22.2
[101-110] 0 0 0 0 0 0
[111-120] 0 0 0 0 0 0
[121-130] 0 0 0 0 0 0
[131-140] 0 0 0 0 0 0
[141-150] 1 5.3 3 4.3 0 0
[151-160] 0 0 1 1.4 0 0
[161-170] 0 0 0 0 0 0
[171-180] 0 0 0 0 0 0
[181-190] 0 0 0 0 0 0
[191-200] 2 10.5 0 0 0 0
Totals 19 100 69 100 9 100
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Figure 4.5. Expected and observed distributions of Grantham differences for the 
three functional domains of the pocket gopher cytochrome b gene: (a) 
intermembrane, (b) transmembrane, and (c) matrix domains. Dashed lines indicate 
the expected relative proportions, and solid lines represent the relative proportions 
of observed amino acid replacements.
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nearly neutral, a higher mean Dg would be expected, but the mean Dq of the 
transmembrane domain is roughly half of the mean for the matrix domain (matrix 
Dc =72.5; transmembrane Dc =37.1). This phenomenon is further elucidated by the 
residual graphs for three domains (Fig. 4.6) which show that, not only are 
transmembrane data more skewed toward the lower Do values, but they also exhibit 
the lowest positive residual. The transmembrane domain may tolerate high rates of 
change simply because the composition of amino acids is such that replacements have 
little physicochemical effect. These sites are nearly neutral with respect to 
nonsynonymous nucleotide substitutions, but evolution is constrained because there 
are very few single-step nucleotide substitutions that can change the residue to one 
with a greater mean potential Grantham difference. Selection would favor an 
accumulation of those codons that constrain evolution in this manner. It is not a 
coincidence that many of the hydrophobic amino acids exhibit some of the lowest 
mean potential Grantham differences (see Fig. 4.7 and Appendix D).
Table 4.5 summarizes the number of codons found in the maximum-Iikelihood 
reconstruction o f the sequence of the ancestor common to all pocket gophers. The 
codon doublets (codons with the same nucleotides at the first and second positions and 
either a purine or a pyrimidine at the third position; e.g., TTY, where Y is a 
pyrimidine) with the ten lowest mean potential Da values (see Appendix D) constitute 
48.7% o f the transmembrane domain. These same codons constitute only 36.0% of 
the intermembrane domain and 33.8% of the matrix domain. Further, the codon 
doublets with the ten lowest possible single Do values (all of which are in the range 
Dc=[5-23]) constitute 60.3% of the transmembrane domain. These same codons 
constitute only 43.0% of the intermembrane domain and 37.7% of the matrix domain. 
The relationship between the conservative nature of some amino acids and the codon 
composition of the functional domains indicates that selection may have a strong
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Figure 4.6. Residual plot of the differences between expected and observed 
relative proportions in Fig. 4.5 for the three functional domains of the pocket 
gopher cytochrome b gene: (a) intermembrane, (b) transmembrane, and (c) 
matrix domains. The area of the positive residual is 52.1 for the intermembrane, 
44.7 for the transmembrane, and 36.7 for the matrix.
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Figure 4.7. Amino acid hydropathy scale (Kyte and Doolittle 
1982) based on water-vapor transfer free energies, and the interior- 
exterior distribution of amino acid side-chains. Letters refer to 
abbreviations for amino acids as listed in Table 4.3.
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Table 4.5. Number of codons per domain found in the maximum-likelihood 
reconstruction of the ancestral pocket gopher cytochrome b DNA sequence.
Amino
Acid
Codon content per domain
All
Cyt-hCodon Matrix Transmembrane Intermembrane
F TTY 3 18 6 27
L TTR 3 13 2 18
CTY 1 7 2 10
CTR 2 26 6 34
I ATY 6 18 12 36
M ATR 3 9 1 13
V GTY 2 4 2 8
GTR 0 8 4 12
S TCY 2 5 1 8
TCR 5 I 6 12
P CCY 3 I 3 7
CCR 5 4 9 18
T ACY 1 4 3 8
ACR 5 4 7 16
A GCY 1 7 4 12
GCR 0 4 3 7
Y TAY 4 8 5 17
H CAY 3 7 2 12
Q CAR 1 4 2 7
N AAY 5 4 5 14
K AAR 7 2 3 12
D GAY 2 3 6 11
E GAR 2 1 3 6
C TGY 1 2 1 4
W TGR 2 4 6 12
R CGY 0 0 0 0
CGR 3 2 3 8
S AGY 1 1 0 2
G GGY 1 6 2 9
GGR 2 11 5 18
All 76 188 114 378
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influence on codon composition. Six o f the codon doublets with the lowest mean 
potential code for very hydrophobic amino acids (Fig. 4.7). Therefore, if 
hydrophobicity were favored by selection, as might be the case for transmembrane 
domains, a high rate of nonsynonymous substitution would be the natural result once 
hydrophobicity had been established. Hydrophobic codons possess a greater 
propensity for nearly neutral substitution than do hydrophilic codons. The analysis of 
the pocket gopher transmembrane domain supports this conclusion. Fig. 4.6b has a 
major peak at £>g=[1-30] (71.0% of all the replacements in the transmembrane 
domain) indicating that only those amino acid replacements that result in very little 
physicochemical change are allowed by selection. Even though natural selection has a 
great effect, the high rate of amino acid replacement is allowed because these single- 
step substitutions are nearly neutral.
The intermembrane domain, which is the most slowly evolving, has a high 
mean Da value compared to the matrix domain (intermembrane Dc =62.6).
Therefore, we cannot explain the differential evolutions of the three functional 
domains as a result of the function of the redox centers only. For example, the slow 
evolution in the intermembrane domain is only partly the result of purifying selection. 
If  selection were solely responsible, then the mean Dq also would be low. Irwin et al. 
(1991) found only 12 sites in the intermembrane domain experienced more than one 
replacement, but 62 in the transmembrane domain and 21 in the matrix domain. A 
similar pattern is evident in the geomyid data, in which only eight variable sites were 
in the intermembrane domain, 41 in the transmembrane domain, and 15 in the matrix 
domain. The residual graphs in Fig. 4.6 further illustrate the effects of selection. The 
intermembrane domain graph (Fig. 4.6a) has its major peak at Z3g=[71-100] and a 
minor peak at Da=[ 11-30]. The minor peak consists of amino acid replacements 
resulting in little physicochemical change. The major peak consists of amino acid
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replacements resulting in different residues compared to the ancestral sequence. If we 
assume that natural selection is a major factor in protein evolution, then we can 
conclude that these replacements occurred at sites that are not vital to the function of 
the protein. However, if a mutation caused a change greater than approximately 
A~=100 at these sites, then selection would tend to eliminate it (i.e., these sites can 
only withstand moderately large physicochemical changes).
Clearly, the preceding analysis suggests that examining amino acid composition 
can reveal much information pertaining to protein molecular evolution. It has long 
been known that the cytochrome b transmembrane domain is disproportionately 
composed of hydrophobic residues, and it is also well known that this domain 
experiences a disproportionately high rate of nonsynonymous substitution. With the 
model presented in this study, it is now possible to explain how these two properties 
are related evolutionarily.
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CHAPTER FIVE 
CONCLUSIONS
Protein-coding DNA sequences often evolve in a selectively neutral (or nearly 
neutral) manner (e.g., Kimura 1968, 1977, 1983; Sarich 1977; Miyataand Yasunaga 
1981; Nei 1987; Ohta 1992). When patterns o f molecular evolution depart from those 
predicted by the neutral theory, it may be that some mutations have lowered the fitness 
of the individuals that possess them (Li 1997), and selection is often implicated 
(Gillespie 1987; Moritz and Hillis 1996). The degree of purifying selection may not 
be the same for every type of nonsynonymous substitution, due, in part, to the fact that 
certain amino acids are more similar to each other than they are to other amino acids 
(Grantham 1974).
The relative rates of the several substitution types are related to codon structure 
largely by virtue of patterns of degeneracy. This relationship allows a nucleotide at 
one codon position to affect a nucleotide at another codon position. In fact, changes in 
degeneracy are most often affected by mutations at neighboring codon positions. 
Observations of relationship between codon structure and substitution rates have led to 
further research concerning the effect of codon structure and composition on the 
evolution of DNA and protein sequences. These studies have included the calculation 
of synonymous codon usage (e.g., Treffers et al. 1954; Grantham et al 1981a, 1981; 
Bennetzen and Hall 1982; Foster et al. 1982; Gouy and Gautier 1982; Grosjean and 
Fiers 1982; Ikemura 1985; Aota and Ikemura 1986; Sharp and Li 1987; Sharp et al. 
1988; Bulmer 1991), nucleotide content within codons (e.g., Coulondre and Miller 
1978; Shpaer and Mullins 1990; Berkhout and van Hemert 1994; Wang 1998), the 
effect o f physicochemical properties on codon evolution (e.g., Sneath 1966; 
McLachlan 1971; Dayhoff 1972; Grantham 1974; Miyataetal. 1979; Taylor 1986;
Xia 1998), and codon-based models of nucleotide substitution (e.g., Goldman and
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Yang 1994; Muse and Gant 1994; Yang 1996; Pedersen et al. 1998). Such studies 
were the inspiration for my doctoral research.
In this study, I have drawn upon the relationship between substitution rate 
heterogeneity and patterns of nucleotide site degeneracy at the codon level to construct 
a mathematical model of molecular evolution that I have called the codon-degeneracy 
model (CDM). The CDM was applied to pocket gopher cytochrome b (cyt-b) and 
cytochrome oxidase 1 (COI) sequences and a ‘known’ phylogenetic tree (Fig. 2.1) to 
illustrate its use. It was shown that the CDM equations (Chapter 2, equations [13-20]) 
predict patterns of nucleotide substitution very well, and that the CDM equations also 
can be used to predict global synonymous and nonsynonymous transition bias 
(Chapter 2, equations [26,27]). As a null model used to measure the departure of 
observed from predicted patterns of substitution, the CDM can also be used to explore 
such topics as substitutional saturation, purifying selection, transition biases, and the 
evolutionary effect of G+C content and DNA repair.
Transition bias at fourfold degenerate sites was found to have a great effect on 
the CDM synonymous goodness-of-fit score. Knowledge of this relationship allowed 
the derivation of an equation that describes the transition bias at fourfold-degenerate 
sites that optimizes the fit of the CDM to a given tree topology (Chapter 3, equation 
18). This equation allows the direct comparison of alternative tree topologies by using 
the optimal synonymous goodness-of-fit scores as the optimality criterion. With this 
addition, the CDM can be used to search for the phylogenetic tree with the best fit.
This was applied to the pocket gopher cyt-b and COI sequences examined in Chapter 
2. The results of this search were compared to the results of similar searches using 
parsimony and maximum-likelihood methods. I concluded that if the results of 
maximum-likelihood and CDM analyses were to agree, then this agreement would
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constitute considerable support for the optimal phylogenetic hypothesis. Used in this 
manner, the CDM has the potential to be a powerful tool for systematic research.
Rates o f nonsynonymous substitution are related to the physicochemical 
properties o f amino acids. Using pocket gopher cyt-b sequences, I explored this 
relationship using a null model based on the expected results of completely random 
substitution. I compared the predictions of this model with the Grantham differences 
of substitutions inferred from the pocket gopher tree. The residual differences 
resulting from this comparison were used to calculate a relative measure of the effect 
o f purifying selection on the evolution o f the gene. This model also was applied 
separately to the three functional domains of the gene to illustrate that purifying 
selection acts differentially depending on the physicochemical properties of amino 
acid residues that comprise each domain. Those amino acid residues with a high 
degree of hydrophobicity also generally exhibit low mean potential Grantham 
differences. This characteristic allows the transmembrane domain, a highly 
hydrophobic region, to evolve more rapidly than the other two functional domains, 
while at the same time maintaining its structure and function.
In summary, this dissertation can be seen as an effort to demonstrate the 
relationship among topics such as site degeneracy, codon structure, and amino acid 
composition with rates o f nucleotide substitution and amino acid replacement. 
Codons, as the link between nucleotides and amino acids, contain potentially large 
amounts o f information about the relationship between genotype and phenotype at the 
molecular level. Thus, ignoring codon structure and composition in molecular- 
evolutionary studies may be a great disservice to biology. In my research, I have 
demonstrated a few ways in which the study of codon structure may enhance our 
understanding o f molecular evolution.
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I have also presented ways to use null models in phylogenetics that are similar 
to their use in population genetics. In this context, the CDM has the potential of being 
to phylogenetic systematics what the Hardy-Weinberg principle is to population 
genetics. The equations of the CDM describe the evolutionary equilibrium o f 
nucleotide substitution rates expected under the assumptions of selective neutrality. 
Any other influence, be it selection, G+C content, or substitutional saturation, likely 
will cause observed rates to diverge from the expected equilibrium. The null model 
presented in Chapter 4 is not based on patterns of codon degeneracy, but rather on 
patterns of expected amino acid replacement. Thus, this model has the potential to 
serve the same function (that of a null model against which to compare observed data) 
as the CDM, but in a different context (rate and kind of amino acid replacement).
Even if the mathematics or conceptual framework for either or both of these models is 
faulty, I remain convinced that the development and use of null models in the field of 
molecular evolution has great potential in the future.
79
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
LITERATURE CITED
Adachi, J. and M. Hasegawa. 1996. Tempo and mode of synonymous substitutions in 
mitochondrial DNA of primates. Molecular Biology and Evolution 13:200- 
208.
Alff-Steinberger, C. 1969. The genetic code and error transmission. Proceedings of 
the National Academy of Science USA 64:584-591.
Aota, S.-I. and T. Ikemura. 1986. Diversity in G+C content at the third position of 
codons in vertebrate genes and its cause. Nucleic Acids Research 14:6345- 
6355.
Bennetzen, J. L. and B. D. Hall. 1982. Codon selection in yeast. Journal of 
Biological Chemistry 257:3026-3031.
Berkhout, B. and F. J. van Hemert. 1994. The unusual nucleotide content of the HTV 
RNA genome results in a biased composition of HTV proteins. Nucleic Acids 
Research 22:1705-1711.
Bulmer, M. 1991. The selection-mutation-drift theory of synonymous codon usage. 
Genetics 129:897-907.
Chevallier, A. and J. P. Garel. 1979. Studies on tRNA adaptation, tRNA turnover, 
precursor tRNA and tRNA genedistribution in Bombyx mori by using two- 
dimensional polyacrylamide gel electrophoresis. Biochemie 61:245-262.
Coulondre, C. and J. H. Miller. 1978. Molecular basis of base substitution hotspots in 
Escherichia coli. Nature 274:775-780.
Crick, F. H. C. 1968. The origin of the genetic code. Journal of Molecular Biology 
38:367-379.
Dayhoff, M. O. 1972. Atlas of Protein Sequence and Structure. National Biomedical 
Research Foundation, Silver Spring, Maryland, p 89.
Degli Esposti, M., S. De Vries, M. Crimi, A. Ghelli, T. Patamello, and A. Meyer. 
Mitochondrial cytochrome b: evolution and structure of the protein. 
Biochemica et Biophysica Acta 1143:243-271.
Demastes, J. W. and M. S. Hafner. 1993. Cospeciation of pocket gophers (Geomys) 
and their chewing lice (Geomydoecus). Journal of Mammalogy 74:521-530.
80
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
DeWalt, T. S., P. D. Sudman, M. S. Hafner, and S. K. Davis. 1993. Phylogenetic 
relationships of pocket gophers (Cratogeomys and Pappogeomys) based on 
mitochondrial DNA cytochrome b sequences. Molecular Phylogenetics and 
Evolution 2:193-204.
Di Giulio, M. 1989. The extension reached by the minimization of the polarity 
distances during the evolution of the genetic code. Journal of Molecular 
Evolution 29:288-293.
Di Giulio, M., M. R. Capobianco, and M. Medugno. 1994. On the optimization of the 
physicochemical distances between amino acids in the evolution of the genetic 
code. Journal of Theoretical Biology 168:43-51.
Epstein, C. J. 1966. Role of the amino-acid ‘code’ and of selection for conformation 
in the evolution of proteins. Nature 210:25-28.
Felsenstein, J. 1978. The number of evolutionary trees. Systematic Zoology 27:27- 
33.
Felsenstein, J. 1993. PHYLIP (Phylogenetic Inference Package), version 3.5c.
Native-mode executables for PowerMac. University of Washington, Seattle.
Fitch, W. M. 1970. Distinguishing homologous from analogous proteins. Systematic 
Zoology 19:99-113.
Fitch, W. M. and E. Margoliash. 1967. Construction of phylogenetic trees. Science 
155:279-284.
Foster, P. L., E. Eisenstadt, and J. Cairns. 1982. Random components in 
mutagenesis. Nature 299:365-367.
Garel, J. P. 1982. The silkworm, a model for molecular and cellular biologists.
Trends in Biochemical Science 7:105-108.
Gillespie, J. H. 1987. Molecular evolution and the neutral allele theory. Oxford 
Survey in Evolutionary Biology 4:10-37.
Gillespie, J. H. 1991. The Causes of Molecular Evolution. Oxford University Press,
New York.
Goldberg, A. L. and R. E. Wittes. 1966. Genetic code: aspects of organization. 
Science 153:420-424.
81
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Goldman, N. and Z. Yang. 1994. A codon-based model of nucleotide substitution for 
protein-coding DNA sequences. Molecular Biology and Evolution 11:725- 
736.
Gouy, M. and M. Gautier. 1982. Codon usage in bacteria: correlation with 
expressivity. Nucleic Acids Research 10:7055-7074.
Grantham, R. 1974. Amino acid difference formula to help explain protein evolution. 
Science 185:862-864.
Grantham, R., C. Gautier, M. Gouy, R. Mercier, and A. Pave. 1980a. Codon catalog 
usage and the genome hypothesis. Nucleic Acids Research 8:r49-r62.
Grantham, R., C. Gautier, and M. Gouy. 1980b. Codon frequencies in 119 individual 
genes confirm consistent choices of degenerate bases according to genome 
type. Nucleic Acids Research 8:1893-1912.
Grantham, R., C. Gautier, M. Gouy, M. Jacobzone, and R. Mercier. 1981. Codon 
catalog usage is a genome strategy modulated for gene expressivity. Nucleic 
Acids Research 9:r43-r74.
Graybeal, A. 1993. The phylogenetic utility of cytochrome b: Lessons from bufonid 
frogs. Molecular Phylogenetics and Evolution 2:256-269.
Griffiths, C. S. 1997. Correlation of functional domains and rates of nucleotide
substitution in cytochrome b. Molecular Phylogenetics and Evolution 7:352- 
365.
Griffiths, C. S. 1998. The correlation of protein structure and evolution of a protein- 
coding gene: phylogenetic inference using cytochrome oxidase EL Molecular 
Biology and Evolution 15:1337-1345.
Grosjean, H. and W. Fiers. 1982. Preferential codon usage in prokaryotic genes: the 
optimal codon-anticodon interaction energy and the selective codon usage in 
efficiently expressed genes. Gene 18:199-209.
Hafner, M. S. 1991. Evolutionary genetics and zoogeography of Middle American 
pocket gophers, genus Orthogeomys. Journal of Mammalogy 72:1-10.
Hafner, M. S. and S. A. Nadler. 1990. Cospeciation in host-parasite assemblages:
Comparative analysis of rates of evolution and timing of cospeciating events. 
Systematic Zoology 39:192-204.
82
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Hafner, M. S. and R. D. M. Page. 1995. Molecular phylogenies and host-parasite
cospeciation: gophers and lice as a model system. Philosophical Transactions 
of the Royal Society of London, B 349:77-83.
Hafner, M. S., P. D. Sudman, F. X. Villabianca, T. A. Spradling, J. W. Demastes,
and S. A. Nadler. 1994. Disparate rates of molecular evolution in cospeciating 
hosts and parasites. Science 265:1087-1090.
Haig, D. and L. D. Hurst. 1991. A quantitative measure of error minimization in the 
genetic code. Journal of Molecular Evolution 33:412-417.
Hardy, G. H. 1908. Mendelian proportions in a mixed population. Science 28:41-50.
Hasegawa, M. and J. Adachi. 1996. Phylogenetic position of cetaceans relative to 
atriodactyls: Reanalysis of mitochondrial and nuclear sequences. Molecular 
Biology and Evolution 13:710-717.
Hasegawa, M., T. Yano, and H. Kishino. 1984. A new molecular clock of
mitochondrial DNA and the evolution of homonoids. Proceedings of the Japan 
Academy B60:95-98.
Hasegawa, M., H. Kishino, and T. Yano. 1985. Dating of the human-ape splitting by 
a molecular clock of mitochondrial DNA. Journal of Molecular Evolution 
22:160-174.
Howell, N. 1989. Evolutionary conservation of protein regions in the proton-motive 
cytochrome b and their possible roles in redox catalysis. Journal of Molecular 
Evolution 29:157-169.
Huelsenbeck, J. P. and K. A. Crandall. 1997. Phylogeny estimation and hypothesis 
testing using maximum-likeiihood. Annual Review of Ecology and 
Systematics 28:437-466.
Huelsenbeck, J. P. and B. Rannala. 1997. Phylogenetic methods come of age: testing 
hypotheses in an evolutionary context. Science 276:227-232.
Ikemura, T. 1980. The frequency of codon usage in E. coli genes: correlation with
abundance of cognate tRNA. In: Osawa, S., H. Ozeki, H. Uchida, and T. Yura 
(eds.), Genetics and evolution of RNA polymerase, tRNA and ribosomes. 
University of Tokyo Press, Tokyo, and Elsevier/North-Holland, Amsterdam, 
pp. 519-523.
83
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Ikemura, T. 1981. Correlation between the abundance of Escherichia coli transfer 
RNAs and the occurrence of the respective codons in its protein genes: a 
proposal for a synonymous codon choice that is optimal for the E. coli 
translational system. Journal of Molecular Biology 151:389-409.
Ikemura, T. 1985. Codon usage and tRNA content in unicellular and multicellular 
organisms. Molecular Biology and Evolution 2:13-34.
Ikemura, T. and H. Ozeki. 1983. Codon usage and transfer RNA contents: organism- 
specific codon-choice patterns in reference to the isoacceptor contents. Cold 
Spring Harbor Symposium on Quantitative Biology 47:1087-1097.
Irwin, D. M., T. D. Kocher, and A. C. Wilson. 1991. Evolution of the cytochrome b 
gene of mammals. Journal of Molecular Evolution 32:128-144.
Kimura, M. 1968. Evolutionary rate at the molecular level. Nature 217:624-626.
Kimura, M. 1977. Preponderance of synonymous changes as evidence for the neutral 
theory of molecular evolution. Nature 267:275-276.
Kimura, M. 1980. A simple method for estimating evolutionary rates o f base
substitutions through comparative studies of nucleotide sequences. Journal of 
Molecular Evolution 16:111-120.
Kimura, M. 1983. The Neutral Theory of Molecular Evolution. Cambridge 
University Press, Cambridge, pp. 28, 65-97, 222, 307.
Kishino, H. and M. Hasegawa. 1989. Evaluation of the maximum-likelihood estimate 
of the evolutionary tree topologies from DNA sequence data, and. the 
branching order of Hominoidea. Journal of Molecular Evolution 29:170-179.
Komegay, J. R., T. D. Kocher, L. A. Williams, and A. C. Wilson. 1993. Pathways 
of lysozyme evolution inferred from the sequences of cytochrome b in birds. 
Journal of Molecular Evolution 37:367-379.
Kyte, J. and R. F. Doolittle. 1982. A simple method for displaying the hydropathic 
character of a protein. Journal of Molecular Biology 157:105-132.
Li, W.-H. 1987. Models of nearly neutral mutations with particular implications for 
nonrandom usage of synonymous codons. Journal of Molecular Evolution 
24:337-345.
Li, W.-H. 1993. Unbiased estimation of the rates of synonymous and
nonsynonymous substitution. Journal of Molecular Evolution 36:96-99.
84
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Li, W.-H. 1997. Molecular Evolution. Sinauer Associates, Inc., Sunderland, 
Massachusetts, pp. 62-66.
Li, W.-H., C.-I. Wu, and C.-C. Luo. 1984. Nonrandomness of point mutation as 
reflected in nucleotide substitutions in pseudogenes and its evolutionary 
implications. Journal of Molecular Evolution 21:58-71.
Li, W.-H., C.-I. Wu, and C.-C. Luo. 1985. A new method for estimating
synonymous and nonsynonymous rates of nucleotide substituion considering 
the relative likelihood of nucleotide and codon changes. Molecular Biology 
and Evolution 2:150-174.
McLachlan, A. D. 1971. Repeating sequences and gene duplication in proteins. 
Journal of Molecular Biology 64:417.
Miyata, T., S. Miyazawa, and T. Yasunaga. 1979. Two types of amino acid
substitution in protein evolution. Journal of Molecular Evolution 12:219-236.
Miyata, T. and T. Yasunaga. 1981. Rapidly evolving mouse a-giobin-related 
pseudogene and its evolutionary history. Proceedings of the National 
Academy of Science USA 78:450-453.
Moritz, C. and D. M. Hillis. 1996. Molecular systematics: Context and
controversies. In: Hillis, D. M., C. Moritz, and B. K. Mable (eds.), Molecular 
Systematics, second edition. Sinauer Associates, Inc., Sunderland, 
Massachusetts, pp. 1-13.
Muse, S. V. and B. S. Gaut. 1994. A likelihood approach for comparing synonymous 
and nonsynonymous nucleotide substitution rates, with application to the 
chloroplast genome. Molecular Biology and Evolution 11:715-724.
Nei, M. 1987. Molecular Evolutionary Genetics. Columbia University Press, New 
York.
Nei, M. and T. Gojobori. 1986. Simple methods for estimating the numbers of
synonymous and nonsynonymous nucleotide substitutions. Molecular Biology 
and Evolution 3:418-426.
Ohta, T. 1992. The nearly neutral theory of molecular evolution. Annual Review of 
Ecology and Systematics 23:263-286.
Page, R. D. M. 1996. Temporal congruence revisited: comparison of mitochondrial 
DNA sequence divergence in cospeciating pocket gophers and their chewing 
lice. Systematic Biology 45:151-167.
85
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Patton, J. L. and S. W. Sherwood. 1982. Genome evolution in pocket gophers (genus 
Thomomys). I. Heterochromatin variation and speciation potential. 
Chromosoma (Berlin) 85:149-162.
Pedersen, A.-M. K., C. Wiuf, and F. B. Christiansen. 1998. A codon-based model 
designed to describe lentiviral evolution. Molecular Biology and Evolution 
15:1069-1081.
Pema, N. T. and T. D. Kocher. 1995. Unequal base frequencies and the estimation of 
substitution rates. Molecular Biology and Evolution 12:359-361.
Saitou, N. and M. Nei. 1987. The neighbor-joining method: a new method for
reconstructing phylogenetic trees. Molecular Biology and Evolution 4:406- 
425.
Sarich, V. M. 1977. Rates, sample sizes, and the neutrality hypothesis for 
electrophoresis in evolutionary studies. Nature 265:24-28.
Sharp, P. M., E. Cowe, D. G. Higgins, D. C. Sheilds, K. H. Wolfe, and F. Wright.
1988. Codon usage patterns in E. coli, B. subtilis, S cerevisiae, S. pombe, D. 
melanogaster, and H. sapiens: a review of the considerable within-species 
diversity. Nucleic Acids Research 16:8207-8211.
Sharp, P. M. and W.-H. Li. 1987. The rate of synonymous substitution in
enterobacterial genes is inversely related to codon usage bias. Molecular 
Biology and Evolution 4:222-230.
Sheilds, D. C., P. M. Sharp, D. G. Higgins, and F. Wright. 1988. “Silent” sites in 
Drosophila genes are not neutral: evidence of selection among synonymous 
codons. Molecular Biology and Evolution 5:704-716.
Shpaer, E. G. and J. I. Mullins. 1990. Selection against CpG dinucleotides in 
lentiviral genes: a possible role of methylation in regulation of viral 
expression. Nucleic Acids Research 18:5793-5797,
Smith, M. F. and J. L. Patton. 1980. Relationships of pocket gopher (Thomomys 
bottae) populations of the lower Colorado River. Journal of Mammalogy 
61:681-696.
Sneath, P. H. A. 1966. Relations between chemical structure and biological activity. 
Journal of Theoretical Biology 12:157-195.
Sonnebom, T. M. 1965. Degeneracy of the genetic code: extent, nature, and genetic 
implications. In: Bryson, V. and H. J. Vogel (eds.) Evolving Genes and 
Proteins. Academic Press, New York, pp. 377-397.
86
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Sudman, P. D. and M. S. Hafner. 1992. Phylogenetic relationships among middle
American pocket gophers (genus Orthogeomys) based on mitochondrial DNA 
sequences. Molecular Phylogenetics and Evolution 1:17-25.
Swofford, D. L. 1985. Phylogenetic Analysis Using Parsimony (PAUP, version 2.4). 
Illinois Natural History Survey, Champaign.
Swofford, D. L. 1993. Phylogenetic Analysis Using Parsimony (PAUP, version 
3.11). Smithsonian Institution, Washington, D. C.
Swofford, D. L. 1998. Phylogenetic Analysis Using Parsimony* (PAUP*, version 
4.0b 1). Sinauer Associates, Inc., Sunderland, Massachusetts.
Swofford, D. L., G. J. Olsen, P. J. Waddell, and D. M. Hillis. 1996. Phylogenetic 
inferrence. In: Hillis D. M., C. Moritz, and B. A. Mable (eds.), Molecular 
Systematics, second edition. Sinauer Associates, Inc., Sunderland, 
Massachusetts, pp. 407-514.
Tamura, K. and M. Nei. 1993. Estimation of the number of nucleotide substitutions 
in the control region of mitochondrial DNA in humans and chimpanzees. 
Molecular Biology and Evolution 10:512-526.
Taylor, W. R. 1986. The classification of amino acid conservation. Journal of 
Theoretical Biology 119:205-218.
Treffers, H. P., V. Spinelli, and N. O. Belser. 1954. A factor (or mutator gene)
affecting mutation rates in E. coli. Proceedings of the National Academy of 
Science USA 40:1064-1071.
Wakeley, J. 1996. The excess of transitions among nucleotide substitutions: new 
methods of estimating transition bias underscore its importance. Trends in 
Ecology and Evolution 11:158-163.
Wang, J. 1998. The base contents of A, C, G or U for the three codon positions and 
the total coding sequences show positive correlation. Journal of Biomolecular 
Structure and Dynamics 16:51-57.
Wayne, R. K., E. Geffen, D. J. Girman, K. P. Koepfli, L. M. Lau, and C. R.
Marshall. 1997. Molecular systematics of the Canidae. Systematic Biology 
46:622-653.
87
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Weinberg, W. 1908. Uber den nachweis der vererbung beim meuschen. Jahresh 
Verein f vateri Naturk 64:368-382. Translations'. (1) 1963. On the 
demonstration of heredity in man. In: Boyer, S. H. (ed.), Papers on Human 
Genetics. Prentice-Hall, Engelwood Cliffs, New Jersey, pp. 4-15; (2) 1977.
In: Jameson, D. L. (ed.), Evolutionary Genetics. Dowden, Hutchinson, and 
Ross, Stroudsburg, Pennsylvania, pp. 115-125.
Woese, C. R. 1965. On the evolution of the genetic code. Proceedings of the 
National Academy of Science USA 54:1546-1552.
Woese, C. R. 1973. Evolution of the genetic code. Naturwissenschaften 60:447-459.
Woese, C. R., D. H. Dugre, S. A. Dugre, M. Kondo, and W. C. Saxinger. 1966. On 
the fundamental nature and evolution of the genetic code. Cold Spring Harbor 
Symposium on Quandtative Biology 31:723-736.
Wong, J. T. 1980. Role of minimizadon of chemical distances between amino acids 
in the evoludon of the genedc code. Proceedings of the Nadonal Academy of 
Science USA 77:1083-1086.
Wright, F. 1990. The ‘effective number of codons’ used in a gene. Gene 87:23-29.
Xia, X. 1998. The rate heterogeneity of nonsynonymous substitutions in mammalian 
mitochondrial genes. Molecular Biology and Evolution 15:336-344.
Xia, X., M. S. Hafner, and P. D. Sudman. 1996. On transition bias in mitochondrial 
genes of pocket gophers. Journal of Molecular Evolution 43:32-40.
Yang, Z. 1994. Estimating the pattern of nucleotide substitution. Journal of 
Molecular Evolution 39:105-111.
Yang, Z. 1995. Phylogenetic analysis by maximum likelihood (PAML), version 1.1. 
Institute of Molecular Evolutionary Genetics, The Pennsylvania State 
University.
Yang, Z., S. Kumar, and M. Nei. 1995. A new method of inference of ancestral 
nucleotide and amino acid sequences. Genetics 141:1641-1650.
Yang, Z. 1996a. Among-site rate variation and its impact on phylogenetic analysis. 
Trends in Ecology and Evolution 11:367-371.
Yang, Z. 1996b. Phylogenetic analysis by maximum-likelihood (PAML). Institute of 
Molecular Evolutionary Genetics, The Pennsylvania State University, 
University Park.
88
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Zuckerkandl, E. and L. Pauling. 1965. Evolutionary divergence and convergence in 
proteins. In: Bryson, V. and H. L. Vogel (eds.), Evolving Genes and Proteins. 
Academic Press, New York, pp. 97-166.
89
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
APPENDIX A
Following are lists of possible substitutions that change the degeneracy of a 
nucleotide site within a genetic codon according to the patterns of degeneracy in the 
vertebrate mitochondrial code. When codons are listed in parentheses, the stated 
substitution type produces the same effect regardless of which of the indicated codons 
is involved. A two-headed arrow between original and product codons indicate that 
the opposite relationship also applies. In total, there are 180 substitutions that cause 
changes in degeneracy for the vertebrate mtDNA genetic code.
First position substitutions that change the third position from fourfold- to 
twofold-degenerate include (CTT or GTT)<=>(TTT or ATT), (CTC or GTC)<=>(TTC or 
ATC), (CGT or GGT)<=>(TGT or AGT), (CGC or GGC)«=>(TGC or AGC), (CGA or 
GGA)<=>TGA, (CGG or GGG)<=>TGG, GT A<=> AT A, GTG<=>ATG, CTA<=>TTA 
(synonymous), and CTG<=>TTG (synonymous). First position substitutions that 
change the first position from nondegenerate to twofold-degenerate include 
ATAe=>TTA, ATGc^TTG, GTA<=>CTA, and GTG<=>CTG. First position 
substitutions that change the first position from nondegenerate to twofold-degenerate 
and the third position from fourfold- to twofold-degenerate include GTT<=>TTA, and 
GTG<=>TTG. First position substitutions that change the first position from 
nondegenerate to twofold-degenerate and the third position from twofold- to fourfold- 
degenerate include ATA<=>CTA, and ATG<=>CTG.
Second position substitutions that change the third position from fourfold- to 
twofold-degenerate include TCT<=>(TTT or TAT or TGT), TCC<=>(TTC or TAC or 
TGC), ACT<=>(ATT or AAT or AGT),ACC<f=>(ATC or AAC or AGC), (CTT or CCT 
or CGT)<=>CAT, (CTC or CCC or CGC)<t=>CAC, (GTT or GCT or GGT)<=>GAT, 
(GTC or GCC or GGC)<=>GAC, (GTA or TCA or GGA)<=>GAA,(GTG or GCG or 
GGG)<=>GAG, ACA<=>(ATA or AAA), ACG<^>(ATG or AAG), (CCA or
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CGA)«CAA, (CCG or CGG)«CAG, TCA<=>TGA, and TCG<=>TGG. Second 
position substitutions that change the first position from nondegenerate to twofold- 
degenerate include (CCA or CGA)<=>CTA, (CCG or CGG)«=>CTG, TGA<=>TTA, and 
TG G «TTG . Second position substitutions that change the first position from 
nondegenerate to twofold-degenerate and the third position from fourfold- to twofold- 
degenerate include TCAe^TTA, and TCG<=>TTG. Second position substitutions that 
change the first position from nondegenerate to twofold- degenerate and the third 
position from twofold- to fourfold-degenerate include CAA<=>CTA, and CAG<=>CTG.
Third position substitutions that change the first position from nondegenerate 
to twofold-degenerate include TTT<=>(TTA or TTG), TTC<=>(TTA or TTG), 
CTT<=>(CTA or CTG) (synonymous), and CTC<=>(CTA or CTG) (synonymous).
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APPENDIX B
Following is a table containing the results of the CDM, parsimony and GTR 
maximum-likelihood for all 105 possible tree topologies for Orthogeomys. Trees are 
grouped into 15 clusters of seven trees each. All the trees in each cluster possess the 
same ingroup network. Abbreviations are as follows: lpts = observed first position 
synonymous transitions; 3pts = observed third position synonymous transversions; 
3ptv = observed third position synonymous transversions; 4fis = optimum fourfold- 
degenerate transition bias (proportion); Fjs = expected relative frequency of third 
position synonymous transitions; CDM %2 = codon-degeneracy model goodness-of-fit 
score. The expected relative frequency of first position synonymous transition was 
constant at 0.0759 because these substitutions are not dependent on the transition bias 
at fourfold-degenerate sites. All first position synonymous transitions occur at 
twofold-degenerate sites. With this in mind, expected relative frequencies of third 
position synonymous transversions are not reported here because this frequency is 
dependent upon the relative frequency of third position synonymous transitions. All 
parsimony tree lengths are the result of an unweighted, unordered analysis. General 




Number lpts 3pts 3ptv 4fts Fjs CDM%2
Parsimony 
Tree Lengths
G T R -In  
Likelihood 
Scores
I I 9 110 28 0.582 0.7366 0.4505 291 2208.8
2 9 110 28 0.582 0.7366 0.4505 288 2208.9
3 9 109 29 0.5671 0.7299 0.4505 287 2208.0
4 9 109 29 0.5671 0.7299 0.4505 287 2208.4
5 9 110 29 0.5702 0.7313 0.4795 285 2206.7
6 9 110 29 0.5702 0.7313 0.4795 281 2206.7
7 9 110 28 0.582 0.7366 0.4505 271 2196.0
92





Number Ipts 3pts 3ptv 4fts Fjs CDM % 2
Parsimony 
Tree Lengths
G T R -In  
Likelihood 
Scores
2 8 9 118 31 0.5714 0.7318 0.8067 298 2215.4
9 9 119 31 0.5742 0.7331 0.8429 300 2215.4
10 9 117 32 0.5575 0.7256 0.8067 295 2215.6
11 9 116 31 0.5655 0.7292 0.7362 292 2215.6
12 9 117 31 0.5685 0.7306 0.7712 292 2212.0
13 9 116 32 0.5546 0.7243 0.7712 288 2212.0
14 9 119 31 0.5742 0.7331 0.8429 282 2201.2
3 15 9 LI5 31 0.5626 0.7279 0.7019 298 2215.5
16 9 114 31 0.5595 0.7265 0.6682 292 2215.6
17 9 115 3 1 0.5626 0.7279 0.7019 297 2215.5
18 9 115 31 0.5626 0.7279 0.7019 293 2215.5
19 9 113 32 0.5453 0.7202 0.6682 289 2212.0
20 9 113 32 0.5453 0.7202 0.6682 286 2212.0
21 9 115 31 0.5626 0.7279 0.7019 279 2201.3
4 22 9 120 32 0.5663 0.7296 0.9169 300 2216.9
23 9 120 32 0.5663 0.7296 0.9169 299 2217.0
24 9 121 32 0.5691 0.7308 0.9547 298 2216.9
25 9 121 32 0.5691 0.7308 0.9547 298 2216.9
26 9 121 32 0.5691 0.7308 0.9547 295 2216.9
27 9 120 32 0.5663 0.7296 0.9169 293 2216.3
28 9 123 32 0.5747 0.7333 1.032 284 2203.6
5 29 9 119 32 0.5634 0.7283 0.8796 299 2216.9
30 9 120 32 0.5663 0.7296 0.9169 301 2217.0
31 9 121 32 0.5691 0.7308 0.9547 300 2216.9
32 9 119 32 0.5634 0.7283 0.8796 294 2216.4
33 9 120 32 0.5663 0.7296 0.9169 298 2216.8
34 9 119 32 0.5634 0.7283 0.8796 293 2216.8
35 9 119 32 0.5634 0.7283 0.8796 283 2203.6
6 36 9 108 30 0.5521 0.7232 0.4505 286 2207.9
37 9 108 30 0.5521 0.7232 0.4505 283 2208.0
38 9 107 31 0.5372 0.7165 0.4505 279 2207.0
39 9 107 31 0.5372 0.7165 0.4505 281 2207.3
40 9 108 30 0.5521 0.7232 0.4505 285 2208.0
41 9 107 30 0.5489 0.7218 0.4222 282 2207.9
42 9 108 30 0.5521 0.7232 0.4505 271 2195.4
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7 43 8 113 32 0.5453 0.7202 1.2149 292 2212.4
44 8 112 33 0.5311 0.7138 1.2149 291 2212.5
45 8 113 32 0.5453 0.7202 1.2149 290 2212.5
46 8 113 32 0.5453 0.7202 1.2149 290 2212.3
47 8 114 32 0.5484 0.7216 1.2582 294 2213.5
48 8 113 32 0.5453 0.7202 1.2149 289 2213.1
49 8 112 33 0.5311 0.7138 1.2149 272 2199.0
8 50 8 122 33 0.5614 0.7274 1.6701 298 2216.8
51 8 122 34 0.551 0.7227 1.718 298 2216.8
52 8 124 32 0.5774 0.7346 1.718 301 2216.8
53 8 121 32 0.5691 0.7308 1.5754 295 2217.0
54 8 121 32 0.5691 0.7308 1.5754 299 2217.0
55 8 122 32 0.5719 0.7321 1.6225 295 2216.3
56 8 122 33 0.5614 0.7274 1.6701 285 2203.6
9 57 8 119 33 0.5527 0.7235 1.5287 298 2216.9
58 8 118 34 0.5392 0.7174 1.5287 299 2217.0
59 8 120 32 0.5663 0.7296 1.5287 298 2217.0
60 8 120 32 0.5663 0.7296 1.5287 302 2216.9
61 8 120 32 0.5663 0.7296 1.5287 295 2216.9
62 8 120 32 0.5663 0.7296 1.5287 294 2216.4
63 8 119 33 0.5527 0.7235 1.5287 283 2203.7
10 64 9 113 32 0.5453 0.7202 0.6682 294 2212.4
65 9 114 32 0.5484 0.7216 0.7019 292 2212.3
66 9 115 32 0.5515 0.7229 0.7362 296 2213.5
67 9 113 32 0.5453 0.7202 0.6682 290 2213.1
68 9 114 32 0.5484 0.7216 0.7019 294 2212.4
69 9 113 32 0.5453 0.7202 0.6682 289 2212.4
70 9 113 32 0.5453 0.7202 0.6682 273 2199.0
11 71 9 111 28 0.585 0.738 0.4795 290 2208.4
72 9 112 28 0.588 0.7393 0.5093 288 2207.8
73 9 112 28 0.588 0.7393 0.5093 285 2208.1
74 9 110 29 0.5702 0.7313 0.4795 283 2206.2
75 9 112 30 0.5647 0.7289 0.5708 287 2206.2
76 9 111 30 0.5617 0.7275 0.5397 286 2195.5
77 9 112 28 0.588 0.7393 0.5093 274 2214.4
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Number Ipts 3pts 3ptv 4fts Ft, C D M X 2
Parsimony 
Tree Lengths
G T R -In  
Likelihood 
Scores
12 78 9 118 31 0.5714 0.7318 0.8067 297 2214.4
79 9 119 31 0.5742 0.7331 0.8429 298 2214.4
80 9 119 31 0.5742 0.7331 0.8429 295 2214.4
81 9 118 31 0.5714 0.7318 0.8067 287 2213.9
82 9 116 33 0.5437 0.7194 0.8067 293 2211.6
83 9 115 33 0.5406 0.7181 0.7712 293 2211.6
84 9 118 31 0.5714 0.7318 0.8067 282 2200.8
13 85 9 118 30 0.5824 0.7368 0.7712 296 2213.8
86 9 118 30 0.5824 0.7368 0.7712 285 2213.4
87 9 118 30 0.5824 0.7368 0.7712 297 2213.8
88 9 118 30 0.5824 0.7368 0.7712 294 2214.3
89 9 115 32 0.5515 0.7229 0.7362 292 2211.5
90 9 115 32 0.5515 0.7229 0.7362 293 2211.5
91 9 118 30 0.5824 0.7368 0.7712 282 2200.6
14 92 9 124 3 1 0.588 0.7393 1.032 299 2216.1
93 9 123 31 0.5853 0.7381 0.9931 293 2215.8
94 9 124 31 0.588 0.7393 1.032 300 2216.1
95 9 124 31 0.588 0.7393 1.032 300 2216.7
96 9 122 31 0.5826 0.7369 0.9547 297 2216.7
97 9 122 31 0.5826 0.7369 0.9547 299 2216.7
98 9 123 31 0.5853 0.7381 0.993 1 286 2203.4
15 99 9 120 31 0.577 0.7344 0.8796 298 2216.1
100 9 120 31 0.577 0.7344 0.8796 293 2215.8
101 9 120 31 0.577 0.7344 0.8796 303 2216.1
102 9 120 31 0.577 0.7344 0.8796 299 2216.7
103 9 119 31 0.5742 0.7331 0.8429 301 2216.7
104 9 119 31 0.5742 0.7331 0.8429 295 2216.7
105 9 120 31 0.577 0.7344 0.8796 284 2203.4
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APPENDIX C
Following is a detailed list of the nonsynonymous substitutions that were 
inferred from the phylogenetic tree in Fig. 4.2. Mean potential Grantham differences 
are taken from Appendix D and refer to the potential o f the original amino acid residue 
prior to substitution. Abbreviations that apply to the cyt-6 protein are as follows: 
N-term = amino terminus; TM-A = transmembrane helix A; IM-ab = intermembrane 
region between helices A and B; M-bc = matrix region between helices B and C;
TM-C = transmembrane helix C; IM-cd = intermembrane region between helices C 
and D; TM-D = transmembrane helix D; M-de = matrix region between helices D and 
E; TM-E = transmembrane helix E; IM-ef = intermembrane region between helices E 
and F; TM-F = transmembrane helix F; M-fg = matrix region between helices F and 
G; TM-G = transmembrane helix G; IM-gh = intermembrane region between helices 
G and H; TM-H = transmembrane helix H; C-term = carboxyl terminus.
Abbreviations of observed nonsynonymous substitution types are as follows: lpts = 
first position transitions; lptv = first position transversion; 2pts = second position 








N-term 1 lpts T—>A 58 62.600
10 lptv I—»F 21 56.875
10 3ptv M—»I 10 36.857
TM-A 38 lptv L-»M 15 49.500
45 2pts L—>S 145 49.500
45 3ptv L->F 22 49.500
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(Appendix C continued)
Amino Acid Substitution Amino Acid 
Domain Site Type Replacement Dc
IM-ab 56 lptv S—>A 99 110.60
59 lptv L —>M 15 59.667
66 lpts T—>A 58 62.600
68 2pts I—>T 89 56.875
M-bc 109 2ptv K—>T 78 78.333
109 2ptv K—»T 78 78.333
TM-C 120 lpts F—>L 22 64.875
126 2pts A—»V 64 69.167
128 lpts V— 21 63.167
131 lpts V->I 29 72.667
IM-cd 157 lptv Q->E 29 51.714
157 2ptv Q—>P 76 51.714
171 3ptv K—»N 94 78.333
TM-D 180 lpts F—>L 22 64.875
192 2pts V—»A 64 72.667
193 lptv M -*L 15 36.857
M-de 205 2pts N—»S 46 85.250
210 lptv I—»L 5 56.875
211 2ptv P—>Q 76 69.333
212 lptv S—>A 99 110.60
213 lpts D—>N 23 90.750
214 2pts C—>Y 194 174.00
214 2pts C—»Y 194 174.00
215 lpts G—>S 56 87.333
217 lpts V-+I 29 72.667
224 lptv T—>S 58 62.600
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(Appendix C continued)
Amino Acid Substitution Amino Acid 
Domain Site Type Replacement Dc £>c
TM-E 227 3ptv D-»E 45 90.750
229 lptv L-»M 15 72.000
231 2pts V—>A 64 63.167
231 2pts V—>A 64 63.167
232 lpts I-»V 29 56.875
232 3ptv I—>M 10 56.875
233 lptv M—»L 15 36.857
234 lptv L—>1 5 72.000
235 lptv L—>1 5 59.667
236 lptv M-»L 15 36.857
236 2pts M—>T 81 36.857
237 lpts L—»F 22 72.000
239 lptv L-»M 15 49.500
239 lptv L-»M 15 49.500
240 2pts T-»I 89 61.000
241 lptv L-»M 15 49.500
241 2pts M—»T 81 36.857
244 2ptv F—>Y 22 64.875
245 lpts F->L 22 64.875
245 lpts F->L 22 64.875
IM-ef 256 2pts T—>M 81 62.600
TM-F 291 lpts V— 21 63.167
291 lptv M-»L 15 36.857
294 lpts V-»I 29 63.167
294 lptv V-»L 32 63.167
295 lptv L-»M 15 49.500
295 2pts F-»S 155 64.875
295 3ptv L ^ F 22 49.500
299 lpts V-^I 29 72.667
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(Appendix C continued)
Amino Acid Substitution Amino Acid 
Domain Site Type Replacement Dc
M-fg 310 3ptv K—>N 94 78.333
315 lptv S—>A 99 110.60
315 2pts S->L 145 110.60
TM-G 322 lptv I—>F 21 56.875
322 2pts T—>1 89 61.000
326 lpts I->V 29 56.875
326 2pts I-VT 89 56.875
326 3ptv I—>M 10 56.875
328 lpts V-»I 29 72.667
329 lptv S—>A 99 107.00
331 lptv L—>M 15 72.000
331 lpts M—>V 21 36.857
332 lptv L—>1 5 59.667
333 lptv L—>1 5 59.667
333 2pts I-»T 89 56.875
IM-gh 346 2ptv F—»Y 22 64.875
TM-H 352 lpts V-»M 21 63.167
352 lptv V—»L 32 63.167
355 lpts I-»V 29 56.875
356 lptv L—»M 15 72.000
359 lptv S—>A 99 107.00
359 lptv S— 58 107.00
359 2pts S—>L 145 107.00
359 2pts S—>L 145 107.00
361 lptv I—»L 5 56.875
361 lptv I—>L 5 56.875
363 lptv M—>L 15 36.857
363 lptv M—>L 15 36.857
363 3ptv 10 36.857
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TM-H 363 3ptv M—»I 10 36.857
367 lptv M—>L 15 36.857
367 lptv M—>L 15 36.857
367 lpts M—>V 21 36.857
367 3ptv M—>1 10 36.857
370 lptv L—»I 5 59.667
C-term 375 lptv M—»L 15 36.857
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